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ABSTRACT 
 
Marine polysaccharides have been widely used as a source of nutritional 
supplement for various therapeutic applications. Uncertainties and significant 
gaps in our knowledge about the macromolecular properties of these 
substances have limited their use particularly in the pharmaceutical industries 
where a detailed understanding of materials used for therapies are essential. 
Therefore, in order to increase our awareness so as to develop better healthcare 
and therapies against common diseases it is important to establish a better 
understanding of molecular properties and interactions. The focus of this thesis 
has been on carrageenans ± materials which have arguably been the greatest 
source of controversy and disagreement in the past in terms of properties ± 
chitosan and alginate and their relations with other substances (mucins, DNA 
and other polysaccharides).  
 
Firstly the main classes of carrageenan - lambda, kappa and iota - have been 
characterised in terms of their conformation, size and structural integrity 
utilizing a variety of hydrodynamic techniques including analytical 
ultracentrifugation based on sedimentation velocity and equilibrium, size 
exclusion chromatography coupled to multi angle light scattering (SEC-
MALS) and viscometry. Studies have suggested that these marine 
polysaccharides adopt in general semi-flexible structures in solution in contrast 
to, for example, mucin glycoproteins which adopt a linear random coil 
conformation. Such conformation analyses are significant in relation to 
macromolecular structure±function relationships. In addition, the effect of a 
wide range of solvent conditions was investigated to provide any evidence of 
dimerization/double helix formation for the main classes of carrageenan 
(kappa, iota and lambda) using the principal tools of hydrodynamics supported 
by micro-differential scanning calorimetry. The study showed that, kappa 
carrageenan adopted a dimeric form under appropriate experimental conditions 
whereas iota and lambda carrageenan did not.  
ii 
 
Then, chitosans of different degrees of acetylation were studied, and these too 
adopted a semi-flexible conformation, but, as with iota and lambda 
carrageenan, with no evidence of self-association behaviour. 
 
A selected group of interactions involving marine polysaccharides or mucin 
were then investigated. Strong evidence is provided for a clear interaction was 
observed between chitosan and two polyanions (DNA and xanthan) using the 
principle of co-sedimentation, and the relevance of this for DNA condensation 
phenomena is indicated. The use of lambda carrageenan as a possible 
replacement for alginate in ternary complexes with konjac glucomannan and 
xanthan for use in the anti-obesity product PolyGlycopleX®, revealed no 
improvement compared with the use of alginate. Finally, the interaction 
between the mucin and PolyGlycopleX® was investigated showing that mucin 
appeared to reinforce interactions between the components of PolyGlycopleX® 
at higher ionic strengths than seen previously. 
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CHAPTER 1 
 
MARINE BASED NON-DIGESTIBLE FIBRE 
POLYSACCHARIDES 
 
The demand for carbohydrate based therapeutics and nutritional supplements 
of medicinal value have increased in recent times. Natural biopolymers ± and 
in particular marine polysaccharides ± have been considered for therapeutic 
development and these materials form the cornerstone of this thesis.   
Polysaccharides obtained from different sources of marine organisms such as 
seaweeds and shellfish present a large variety of structures, many of which 
possess interesting nutraceutical and pharmaceutical behaviour for use in 
different applications  (see, for example Jiao et al., 2011; Senni et al., 2011). 
Unfortunately, marine polysaccharide based formulations for potential 
therapeutic use have not been completely investigated, resulting in a deficiency 
of scientific or clinical data to support their use. Consequently, an 
understanding of the molecular properties and interactions of these substances 
is important in order to address this gap in our knowledge so as to facilitate 
their use as medication against many diseases.  
Before we introduce the main body of this thesis, I will first review the main 
marine polysaccharides in terms of their properties and their impact or possible 
impact on human healthcare. The ability of marine polysaccharides to further 
interact with other biopolymers has been mentioned and these interactions 
might provide new materials that can be utilized for further applications. 
Chapter 1 MARINE BASED NON-DIGESTIBLE FIBRE POLYSACCHARIDES 
 
2 
 
1.1 INTRODUCTION 
 
7KHOLIHVW\OHRIWKHZRUOG¶VSRSXODWLRQFKDQJHGVLJQLILFDQWO\LQWKHWZHQWLHWK
century, particularly because of the increased well-being and reduced physical 
activity together with the rise of purchasing power (Venugopal, 2009).  In 
general, this has led to a shift in the consumption patterns by the public, food 
rich in energy with high levels of sugar and saturated fats being consumed at 
increasing level. This has resulted in harmful effects on health, manifested for 
example by an increase in chronic diseases such as obesity, diabetes, cancer 
and cardiovascular disease (Jackson and Paliyath, 2011). In 2001, 
approximately 59% of the 56.5 million total deaths in the world were a result 
of chronic diseases with the above mentioned contributing to nearly 46% of 
global diseases. In particular cardiovascular diseases were responsible for a 
third of the global deaths in 1999, and by 2010 became the major cause of 
death in developing countries (Mayakrishnan et al., 2013). The majority of 
cardiovascular diseases can be controlled and prevented, since the protective 
role of a diet rich in fruits and vegetables against these diseases has been well 
reported and supported by many studies (see, for example Hu and Willett, 
2002).   
However, parallel to these developments has been an increasing awareness of 
the protective role of diet for resisting these diseases. The old tenet of 
+LSSRFUDWHV ³Let food be your medicine and medicine be your food´ has 
brought back to the attention of the public the strong relationship between diet 
and health (see, Szarc vel Szic et al., 2010). The consumption of food with a 
low content of sugar, sodium and saturated fats has become preferred, along 
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with regular check for the biomarker profile (e.g. blood pressure and glucose 
tolerance) to prevent or treat these diseases earlier. This has affected the 
strategy for the food industry which has been steadily refocusing to meet the 
needs of consumer health (Arvanitoyannis and Van Houwelingen-
Koukaliaroglou, 2005). Although, the food industry worldwide has been 
developing high-value nutrition and wellness products, or nutracetical and 
functional foods, by reformulation of existing products, the development cost is 
still high. Consequently, the high preparation cost of these products together 
with the ever increasing population of the world has attracted scientists to the 
goal of identifying new materials with useful health properties for the 
improvement of functional foods: and foods from marine sources have become 
a particular focus (Abu-Ghannam and Cox, 2013).    
The oceans cover more than 70% of the ZRUOG¶V surface, offering a rich source 
from the wide diversity of marine organisms that include seaweed, shellfish, 
corals and microorganisms. For centuries marine organisms have been used as 
a source of food however, it is now recognised that they also have a role in 
promoting health, supported by the fact that many contain bioactive 
compounds (Tombs and Harding, 1998). Recently, they have been highlighted 
as good sources for nutrients providing more than 3000 different compounds - 
some of which are shown in Table 1.1. These compounds contain 
antimicrobial, anti-inflammatory and antioxidant properties, which have 
numerous beneficial health effects and play a role in the treatment and/or 
prevention of human diseases such as cancer and cardiovascular disease (Noda 
et al., 1990; Faulkner, 2000).  
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Marine organisms provide numerous sources of natural products with 
functional materials including polyunsaturated fatty acids (PUFA), 
polysaccharides, minerals and vitamins, antioxidants, enzymes and bioactive 
peptides (Pomponi, 1999; Wijeskara et al., 2011). Many possess good 
nutritional and medicinal benefits and provide sources of dietary fibre 
(Venugopal, 2011; Mayakrishnan et al., 2013). Unfortunately, marine 
polysaccharide-based medicines have been poorly investigated, resulting in a 
lack of scientific or clinical data supporting their therapeutic use. Consequently 
interest in the utilization and exploitation of their unique properties and 
bioactive compounds ± and underpinning data ± is increasing.  
Table 1.1: Some nutraceutical and functional compounds yielded from marine 
sources. Adapted from Venugopal (2009). 
Marine Sources Products 
Seaweeds 
Mineral sources 
Proteins 
Hydrocolloids (food additives, fibers and 
bioactive functions) 
Shellfish 
Chitin, chitosan and related compounds 
Glucosamine 
Glue from mussel 
Enzymes 
Antioxidants 
Antimicrobials 
Corals 
Drugs and other bioactive compounds 
Enzymes 
Biochemicals 
Calcium 
Microorganisms 
(Microalgae) 
Carotenoids 
Fine chemicals 
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1.2 MARINE POLYSACCHARIDES 
 
Recently demand has increased for the nutritional supplements that provide 
additional medicinal benefits. Natural sources, in particular marine 
polysaccharides are a promising and largely unexplored source for 
development of such therapeutic agents. Polysaccharides obtained from 
different source of marine organisms such as seaweeds and shellfish present a 
huge variety of structures which possess interesting nutraceutical and 
pharmaceutical behaviour for use in a wide range of applications (Jiao et al., 
2011; Senni et al., 2011). Moreover, marine polysaccharides are an exciting 
area for biotechnological exploitation due to their potential in the development 
of cell therapies and regenerative medicine. This is especially true in the case 
of seaweed polysaccharides: for instance the carrageenans present a real 
potential for cell delivery and tissue engineering along with therapeutics. 
Alginate has also been a key component in the development of 
microencapsulation technology and its use for the treatment of diabetics 
through the encapsulation of insulin producing cells. Another group of marine 
polysaccharides, the chitosans ± derived from marine shellfish ± have been 
considered for use as bioadhesive polymers for drug delivery and increasing 
epithelial uptake (Tombs and Harding, 1998; Venugopal, 2011; Li et al., 2014). 
In summary, although there are large numbers of marine polysaccharides 
obtained from various marine organisms, only polysaccharides from marine 
seaweed (e.g. carrageenan and alginate) and from marine shellfish (e.g. 
chitosan) appear to have been considered the most in terms of their use or 
potential use in treatment or control of disease. 
Chapter 1 MARINE BASED NON-DIGESTIBLE FIBRE POLYSACCHARIDES 
 
6 
 
1.2.1 Polysaccharides from Seaweed 
 
Seaweed is a common term for the plants of sea or ³PDULQHDOJDH´ LQFOXGLQJ
both macroalgae and microalgae. Seaweeds are classified into three main 
groups namely: Rhodophyta (red algae), Phaeophyta (brown algae) or 
Chlorophyta (green algae) based on their nutrient, pigments and chemical 
composition (Figure 1.1). They have been used as dietary components for 
humans for the last three thousand years. In Asia, the consumption of seaweeds 
has been traditionally as sea vegetables, whereas they are more commonly used 
as food gelling and thickening agents in western countries (Tombs and 
Harding, 1998; Venugopal, 2011). In Asia, people use seaweed directly for 
different culinary purposes, but such use has been limited in the West. 
Consequently the average quantity of seaweed consumption per person in Asia 
is much higher, particularly Japan at about 1.4 kg a year, while consumption is 
low in western countries (Burtin, 2003).  
Worldwide, seaweeds have increasingly come to be recognised as a healthy 
renewable resource; because of they provide a low calorie food, rich in 
vitamins, minerals and dietary fibre. Seaweeds are nutritionally important since 
they contain protein, lipids, polysaccharides, vitamins and minerals, all of 
which have a number of biological activities for example antimicrobial, 
antifungal, antiviral and antioxidant behaviour. Therefore, they have potential 
benefits for the control of tumours, obesity, thrombosis and hyperlipidemia 
(Duan et al., 2006; Venugopal, 2009; Cox et al., 2010). Seaweeds can be 
exposed to a combination of light and high oxygen concentrations. This 
environment can lead to the formation of free radicals and other strong 
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oxidizing agents, but during metabolism seaweeds do not suffer any serious 
photodynamic damage. These results support the view that seaweed cells have 
some intrinsic protective mechanisms and compounds (Matsukawa et al., 1997; 
Abu-Ghannam and Cox, 2013).  
 
Figure 1.1: Examples of three classes of seaweed, collected from the south-
east coast of Ireland. Adapted from Tan et al. (2013).  
 
Polysaccharides are the major component of the different seaweed elements 
and can be extracted in large amounts from the cell walls and intercellular 
spaces of the red and brown species. Most of these polysaccharides are 
considered as dietary fibre since they are not digested by the human 
endogenous digestive enzymes. Thus, the high content of insoluble dietary 
fibre (50 ± 80% of the total) make seaweed a rich source of healthy food for 
nutrition (Vaugelade et al., 2000; Ortiz et al., 2006). The main components of 
seaweed polysaccharides are galactose, mannose and glucose (or derivatives of 
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these). For example galactose and 3,6-anhydro-D-galactose are the main 
elements of carrageenan and agar. The three major groups of seaweed 
polysaccharides namely alginate, carrageenan and agar extracted from brown 
and red seaweed species, respectively, in which also has known as 
phycocolloids, hydrocolloids or gums (Table 1.2). They are extensively used in 
various industrial applications including as thickeners, gelling agents and 
stabilizers (Venugopal, 2011; Bixler and Porse, 2011).  
  
Table 1.2: Hydrocolloid polysaccharides obtained from seaweed sources. 
Adapted from Venugopal (2009). 
Hydrocolloids Seaweed source 
Agar, agarose 
Rhodophyta (Gracilaria, Gelidium, 
Pterocladia) 
Carrageenans 
Rhodophyta (Eucheuma, Chondrus, Hypnea, 
Gigartina) 
Alginic acid (Alginate) 
Phaeophyta (Macrocystis, Laminaria, 
Ascophyllum) 
 
 
The polysaccharides from seaweed have three principal groups of functions 
depending on their types, namely biological, physiological and technological. 
The biological functions play a role in the seaweed cells structure by providing 
components for the cell wall architecture, cell-cell recognition, hydration of 
intracellular fluid and stimulation of host defence. Physiological functions are 
generally linked to physicochemical properties; solubility, viscosity, hydration 
and ion exchange capacities in the digestive tract (Venugopal, 2011). Seaweed 
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polysaccharides have a higher capacity for binding to water, as high as twenty 
times their volume, depending on their length and thickness compared to other 
fibres with a high water-holding capacity such as cellulose. This is consistent 
with these polysaccharides being referred to as hydrocolloids. In this respect, 
they have become commercially and technologically important as texturizers, 
stabilizer, emulsifiers, fat reducers, film formers, shelf-life extenders and 
viscosity modifiers in food applications (Holdt and Kraan, 2011).  
Seaweed polysaccharides however have enormous potential not only for food 
application, but also for health benefits due to their biologically actives 
compounds. Marine algae particularly seaweed polysaccharides are rich 
sources of biologically active compounds such as antioxidants, antithrombin 
activity, antitumor, cell recognition and cell adhesion and regulation of 
receptor functions. For example, these compounds are used as inhibitors 
against various viruses including herpes simplex virus (HSV), and human 
immunodeficiency virus (HIV) (Laurienzo, 2010; Wijesekara et al., 2011; Jiao 
et al., 2011). The mechanism of inhibition against virus for carrageenan in 
particular was demonstrated, suggestion that carrageenan acts initially by 
preventing the binding or entry of virions into cells (Buck et al., 2006; 
Grassauer et al., 2008). Additionally, carrageenan and alginate have been 
exploited as pharmacological agents or biomaterials for cell therapy and tissue 
engineering (Senni et al., 2011).  
Before describing the regulatory status of using seaweed polysaccharides in 
both food and health products the favourable properties of carrageenan and 
alginate, will be briefly addressed.  
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1.2.1.1 Carrageenan 
 
Carrageenan is a generic term for a number of polysaccharides with repeating 
galactose units along with different sulphate groups and anhydro-bridges 
(Figure 1.2), which are combined alternately by D-(1,3) and E-(1,4) glycosidic 
bonds (Imeson, 2009). These sulphated polysaccharides are derived from a 
certain species of ³UHG´VHDZHHGVRhodophyceaea) and classified into various 
types such as kappa (N), lambda (O), iota (L), Mu (P), Nu (Q) and Theta (T). 
These types of carrageenan are found in the particular types of seaweed, for 
instant kappa and lambda were extracted from Gigartina radula and Chondrus 
crispus whilst Eucheuma denticulatum (spinosum) and Kappaphycus alvarezi 
(cottonii) are mainly provided iota and kappa, respectively as shown in Figure 
1.3 (Campo et al., 2009).  
 
Figure 1.2: Chemical structure of iota (L), kappa (N) and lambda (O) 
commercial carrageenans. Adapted from Perez et al., (1996).  
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Variation in the chemical structures of the carrageenan types is achieved by 
different content of 3,6-anhydrogalactose and ester sulphate groups, which 
provides unique characteristics for each type, including gel strength, viscosity, 
temperature stability, synergism and solubility. A greater number of sulphate 
groups cause the carrageenan molecule to be more water soluble, whereas 
anhydro-bridges produce a hydrophobic behaviour (Tombs and Harding, 1998; 
Hoefler, 2001).  
 
Figure 1.3: A source of carrageenan from different type of seaweeds: (a) 
Eucheuma denticulatum (spinosum) ± iota carrageenan, (b) Kappaphycus 
alvarezi (cottonii) ± kappa carrageenan, (c) Gigartina radula and (d) Chondrus 
crispus kappa/lambda carrageenan. Adapted from Prajapati et al. (2014). 
 
Seaweed sulphated polysacchardies are utilized in several applications for 
food, oil recovery, pharmaceutical and healthcare industries as either gelling 
agents, natural thickeners or formulation stabilizers (Bonferoni et al., 1994 and 
Therkelsen, 1995; Iglauer et al., 2011; Zhou et al., 2004; Farias et al., 2000; 
Carlucci et al., 1999). The most soluble carrageenan is lambda with three 
sulphate groups per disaccharide repeat and as it contains no 3,6 
anhydrogalactose residues it cannot form gels. The high viscosities of its 
solutions and its inability to form gels have made lambda carrageenan a 
Chapter 1 MARINE BASED NON-DIGESTIBLE FIBRE POLYSACCHARIDES 
 
12 
 
popular thickening agent, whereas kappa and iota are known as gelling agents 
due to their formation of thermoreversible gels in aqueous solution 
(Therkelsen, 1995; Bonferoni et al., 1994).  
 
1.2.1.2 Alginate 
 
Alginate is a generic term used for the salts of alginic acid such as sodium, 
potassium, calcium, and propylene glycol alginates. They have a long history, 
indeed were first described by the English chemist Edward Stanford in the 
1880s. Their commercial production started in 1929 in California (Tombs and 
Harding, 1998).   
 
 
Figure 1.4: Thallus, cell types and tissues of Laminaria saccharina an 
example of alginate source. Adapted from Charrier et al.(2012).   
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Alginate is present in the cell walls of all brown seaweeds, where it is 
concentrated in the intracellular space, in the form of insoluble mixed salts 
with high amounts of calcium and lesser amounts of magnesium, sodium and 
potassium (Figure 1.4). Macrocystis pyrifera, Laminaria and Ascophyllum 
nodosum are the main sources of alginate (Tombs and Harding, 1998; 
Venugopal, 2011). Alginate is a linear anionic polysaccharide composed of 
(1,4) linked E-D-mannuronic (M) and D-L-gluronic acids (G), and arranged in 
homopolymeric and heteropolymeric sequences of MM or GG and MG blocks 
(Figure 1.5).  
 
Figure 1.5: Chemical structure of alginate. Adapted from Tombs and Harding 
(1998).  
 
The diversity of the M and G residues depend on the biological source and 
state of plant maturation (Haug et al., 1967; King, 1983). The main properties 
of alginate are forming gels with calcium ions and the ability to retain 
significant amount of water, which has led to extensive use in both the food 
and pharmaceutical industries (Pongjanyakul and Puttipipatkhachorn, 2007). 
The zones rich in GG block play an important role in the formation of these 
gels. The alginate physiological and rheological properties as well as their 
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application for example in stabilizing, thickening and gelling, would be 
affected through the variety in the  arrangement of blocks along the chain and 
also the total uronic acid composition (M and G residues ratio) (Tønnesen and 
Karlsen, 2002). 
 
1.2.1.3 Safety and Regulation of Seaweeds 
 
Consumption of seaweeds and their components must satisfy certain safety 
regulations. In fact, all edible seaweeds have a high guarantee of food safety; 
since the maximum permitted levels of toxic minerals (lead, cadmium, tin, 
mercury, mineral arsenic and iodine) have been clearly defined. Moreover, the 
maximum allowed levels of bacteria have been defined from the dried seaweed 
only (Mabeau and Fleurence, 1993; Holdt and Kraan, 2011). France (in 1990) 
was the first European country to establish specific regulations concerning the 
use of seaweeds for human consumption as vegetables or condiments. The 
number of species authorised are thirteen, which are obtained from macroalgae 
and microalgae, and reported in Table 1.3 (Mabeau and Fleurence, 1993; 
Vaugelade et al., 2000; Burtin, 2003; Venugopal, 2009). In several European 
countries (for example Ireland, Denmark and The Netherlands) seaweed uses 
are regulated by general food regulations, whereas in other countries (e.g. 
Greece) seaweeds are not considered as food. Therefore, in the European 
Union seaweed species are legally considered as food only for those that have 
been available in the market as food or food ingredients, and have been 
consumed to significant degree before May 15 1997 (Holdt and Kraan, 2011). 
On the other hand the Food and Drug Administration (FDA) has allowed the 
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use of seaweeds as condiments in the United States. Thus, algal products 
consumed have to be within the following upper-level limits on the dry-weight 
basis: 45% of ash; 3 ppm of inorganic arsenic; 40 ppm of heavy metals; 10 
ppm of lead; 5000 ppm of iodine (Mabeau and Fleurence, 1993).     
Table 1.3: Summary of seaweed authorised in France for human consumption. 
Adapted from Burtin (2003).  
Phyllum Name 
Red seaweeds 
Porphyra umbilicalis 
Palmaria palmate 
Cracilaria verrucosa 
Chondrus crispus 
Brown seaweeds 
Ascophyllum nodosum 
Fucus vesiculosus 
Fucus serratus 
Himanthalia elongate 
Undaria pinnatifida 
Green seaweeds Ulva spp. 
Enteromorpha spp. 
Microalgae Spirulina sp. Odontella aurita 
 
 
1.2.2 Polysaccharides from Shellfish 
 
Crustaceans and molluscs are species of the shellfish family including crabs, 
shrimps, lobsters, squids and cuttlefish, which are utilized as food or human 
consumption. Marine crustaceans and molluscs in 2012 were harvested to a 
level of about 21.6 million tonnes according to The State of World Fisheries 
and Aquaculture, as published by the Food and Agriculture Organization 
(FAO, 2014). There is a massive amount of marine waste generated from the 
processing of seafood consisting of heads, exoskeleton, cephalothorax and 
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carapace of crab, shrimp and lobster. Recent estimates suggest that processing 
wastes from crab can be high as 51% based on wet weight, whereas krill and 
shrimp results in 40% shell waste (Venugopal, 2011). The high demand for 
processed seafood has produced a huge proportion of marine waste which is 
considered to be an environmental problem. Utilisation of seafood waste has 
become the best solution for the environmental pollution issue, since it has 
long been known that these wastes are rich sources of biological compounds 
and minerals providing additional economic benefits for the marine industry 
(De Holanda and Netto, 2006; Gortari and Hours, 2013).  
Crustaceans and molluscs wastes are rich sources of three major compounds 
extensively used in the marine industry namely the polysaccharide chitin, 
protein and carotenoid. Shrimp, krill and crab wastes contain about 25% of 
polysaccharide chitin on a dry weight basis, whereas the high values from the 
squid pen roughly 40%. On average the head waste comprises a lower level of 
chitin rather than the shell. For example shrimp head was reported to contain 
17% chitin, 41% protein, and 148 Pg carotene per gram on a weight basis in 
Table 1.4 (Heu et al., 2003; Synowiecki and Al-Khateeb, 2003; Sagheer et al., 
2009). The most abundant sources of chitin are Pandalus borealis, Crangon 
crangon and Penaeus monodon from the shrimp species, and Callinectes 
sapidus and Chionoecetes opilio from crabs (Rødde et al., 2008; Beaulieu et 
al., 2009). Thus, the polysaccharide chitin is known as the second most 
commonly used natural biopolymer in food and medicine applications. 
Generally chitin and its derivative chitosan exhibit several properties such as 
biocompatibility, biodegradability, nontoxic, fungistatic, spermicidal, 
antitumor, anticholesteremic, wound-healing, antimicrobial, antioxidative, and 
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hemostatic qualities (Aranaz et al., 2009; Zhang et al., 2010). These 
polysaccharides have been extensively utilized for various applications in areas 
such as biotechnology, cosmetics, water treatment, the paper industry, textile 
products, biomedical products and food processing (Hirano, 1996; Ravi 
Kumar, 2000; Jayakumar et al., 2010; Cheba, 2011). 
Table 1.4: Sources of chitin and the percentage content obtained from 
crustacean and molluscan organisms. Adapted from Venugopal (2011). 
Organism Chitin Content (%) 
Shrimp head 11 
Shrimp shell 27 
Commercial shrimp waste 12-18 
Atlantic crab 26.6 
Blue crab 14 
Crangan (shrimp) 69 
Alaska shrimp 28 
Clam shell 6.0 
Squid, skeleton pen 41 
Krill 24 
 
 
1.2.2.1 Chitin and its Derivative Chitosan 
 
Chitin is the most abundant amino polysaccharide, and can be extracted from 
the exoskeletons of crustaceans or the cell walls of fungi. The first 
identification of chitin was in mushrooms in 1811 by Henri Braconnot in 
France, whilst it was isolated from insects and named chitin in the 1830s 
(Venugopal, 2009). Marine organisms including crab, shrimp and prawn are 
the main sources of commercially available chitin; however, it is also found in 
terrestrial organisms such as insects and fungi. The structure of the chitin 
polymer consists of 2-acetamido-2-deoxy-E-D-glucose through a E-(1,4) 
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linkage (Figure 1.6). In addition three different polymorphic forms of chitin 
have been found namely DEandJ: the structure of D and E only differ in the 
arrangement of the stacking of chains which are alternately antiparallel in D-
chain and parallel in E-chain. However the complete picture of J-chain 
structure has not yet been obtained, but it has been proposed as an arrangement 
of two parallel and one antiparallel sheet (Jang et al., 2004; Rinaudo, 2006; 
Sagheer et al., 2009).  
In general chitin is extracted using three steps; first a demineralization (acid 
treatment) to dissolve calcium carbonate followed by deproteinization to 
solubilize proteins, then eventually a decolorization step to remove leftover 
pigments yielding a colourless material. For use in products chitin then has to 
be classified in terms of purity and colour especially for biomedical application 
due to the effect of protein and pigment residuals (Tombs and Harding, 1998; 
Synowiecki and Al-Khateeb, 2003; Rinaudo, 2006). Under alkaline condition 
partial deacetylation of chitin occurs to generate, the most important derivative 
in terms of applications chitosan.   
 
Figure 1.6: Chemical structure of chitosan. Adapted from Tombs and Harding, 
(1998). Ac=acetyl. 
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Chitosan is one of the most important copolymeric polysaccharide derivatives 
from chitin. The basic structure of chitosan is similar to cellulose ± consists of 
2-amino-2-deoxy-E-D-glucopyranose units linked through a E-(1,4) linkage, 
with a high degree of 1-acetylation ± except the acetylamino group is replaced 
by a hydroxyl group at the C-2 position (Tombs and Harding, 1998). It is much 
easier to protonate the primary amine groups in an acidic medium, providing a 
positively charged polysaccharide with a high charge density. This 
characteristic is important, as it makes chitosan water soluble and a 
bioadhesive, facilitating the binding of negatively charge macromolecules 
(Hejazi and Amiji, 2003). The variation of chitosans in solution depends on 
three degrees of freedom, namely their molecular weight, degree of acetylation 
(DA) and also the distribution of acetyl group along the main chain 
(Venugopal, 2011).  
The natural chitin and its derivative chitosan have many unique properties 
including biocompatibility, biodegradability, hemocompatiblity, antibacterial 
activity, nontoxic, antitumor, fungistatic and anticholesteremic (Rinaudo, 
2006). As a consequence of these properties they have received a considerable 
deal of interest for utilisation (Table 1.5) in agriculture, biotechnology 
(Venugopal, 2009), and also in the food (No et al., 2007), cosmetic (Ravi 
Kumar, 2000), and pharmaceutical industries (Morris et al., 2010).  
In particular chitosan offers the greatest promise for pharmaceutical and 
biomedical applications. For instance, specific complexes of chitosan with an 
oppositely charged polyelectrolyte, yield three-dimensional networks or 
³K\GURJHOV´ DQG WKHVH KDYH SRWHQWLDO IRU Fontrolled drug release from drug 
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delivery systems as well as protecting the drug from degradation in the 
JDVWURLQWHVWLQDOWUDFW,O¶LQDDQG9DUODPRY-D\DNXPDUHWDO 
Table 1.5: Summary the principal applications of chitin and its derivative 
chitosan. Adapted from Rinaudo (2006).  
Fields Examples 
Agriculture 
Work as defence system for plants, 
Improve the  growth of plants 
Use as coating to protect seeds 
Control the release time of fertilizers 
and nutrients into the soil 
Water and waste treatment 
Use as clarifying agent for water such 
as Flocculant (drinking water, pools) 
Used to remove metal ions 
Biodegradable polymer (known as 
Ecological polymer) to eliminate 
synthetic polymers 
Reduce odors 
Food and beverages 
Dietary fiber (Not digestible by human) 
Help to reduce cholesterol by binding to 
lipids 
Preservative materials  
Utilise as the thickener and stabilizer 
for sauces 
For fruit used as protective agent, 
fungistatic, antibacterial coating 
Cosmetics and toiletries 
For the skin used to maintain moisture, 
treat acne and tone. 
In the case of the hair applied as 
improvement of suppleness and  
reducing static electricity  
Toothpaste and chewing gum for the 
oral use 
Biopharmaceutics 
Immunologic, antitumoral 
Hemostatic and anticoagulant 
Healing, bacteriostatic 
 
 
1.2.2.2 Safety and Regulation of Chitin and Chitosan 
 
Generally chitin, chitosan and their derivatives are described as safe, since they 
are naturally extracted from the living organisms. The human gastrointestinal 
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tract is not able to digest or absorb chitin and chitosan similar to several natural 
origin food additives of high molecular weight polymers such as cellulose, 
carrageenan and guar gum (Venugopal, 2009). The Food and Drug 
Administration (FDA) in the United States in 1983 clearly defined the status of 
FKLWLQDQGFKLWRVDQWREH³*HQHUDOO\5HFRJQL]HGDV6DIH*5$6´)ROORZLQJ
this, commercial chitosan has been approved to be used in waste water 
treatment up to a maximum level of 10 mg L-1 by the Environmental Protection 
Agency in the U.S. (Shepherd et al., 1997). Additionally, chitin and its 
derivatives chitosan have been approved as functional food ingredients in 
Japan 1992. Chitin and chitosans provided more features in healthcare for 
instance enhancement of immunity, prevention of illness and recovery from 
illness (Shahidi and Abuzaytoun, 2005).   
 
1.3 MARINE BASED DIETARY FIBRE 
 
Although over the past two hundred years dietary fibre has been known as a 
substantial part of the human diet which provides many health benefits, 
however up to now there has been a gradual reduction in overall intake by 
consumers. A lack of dietary fibre intake is significantly associated with being 
overweight, diabetes, heart disease and gastrointestinal disorders (Smith et al., 
2014). Dietary fibre is a term for plant material that is resistant to digestion and 
absorption in the human small intestine, whilst they can be fermented partially 
or even completely in the large intestine. In particular dietary fibre substances 
have been classified as non-digestiEOHFDUERK\GUDWHVRU³1'&¶V´$ORQJZLWK
OLJQLQ LQ SODQWV 1'&¶V KDYH EHHQ VKRZQ WR KDYH EHQHILFLDO SK\VLRORJLFDO
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effects in humans (Champ et al., 2003; Slavin, 2005). Nowadays, the definition 
of dietary fibre has become wider to cover fibres of animal origin such as 
chitosans, and also modified or synthetic non-digestible carbohydrate polymers 
for instance polydextrose and fructo-oligosaccharides (Borderías, Sánchez-
Alonso and Pérez-Mateos, 2005).   
Simplistically dietary fibre is classified into two types, soluble and insoluble 
based on solution form when mixed with water. Insoluble dietary fibres include 
substances such as cellulose, manna and xylan, while carrageenan, 
galactomannan, pectins and agars are considered as soluble dietary fibre or 
³6')´ 7KH differences observed between the soluble and insoluble dietary 
fibres are referred to their technological functionality and physiological effects 
(Jiménez-Escrig and Sánchez-Muniz, 2000). For instance viscous soluble fibres 
can be distinguished based on the ability of reduce the hypocholesterolemic 
and hypoglycemic effects, whereas insoluble fibres are associated with increase 
stool weight and decreased intestinal transit (Abdul-Hamid and Luan, 2000; 
Elleuch et al., 2011).   
In general the consumption of dietary fibre has been shown to improve human 
health by increasing faecal bulk, decreasing digestive tract transit time, 
regulating activity of the colonic microflora, absorbing toxins, affecting 
appetite and trapping absorption of fats, sugars, minerals and bile acids 
(Blackwood et al., 2000). These physiological properties are associated with 
lowering the risk factors for several diseases such as coronary heart disease 
(CHD), stroke, hypertension, diabetes, obesity, and dyslipidemia. For example 
high levels of dietary fibre intake assist people with obesity and/or diabetes by 
reducing absorption of food containing high-fat as well as reducing the amount 
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of starch digestion and glucose uptake (Champ et al., 2003; Anderson et al., 
2009; Venugopal, 2009). In addition, excess of bile acids are excreted in the 
digestive system as result of its interaction with dietary fibre components 
particularly E-glucans (Asp, 2004). However, the physiological effects of 
dietary fibre depend on a complex mixture of structure, chemical and physical 
properties. In the case of dietary fibre structure, the fermentation of 
polysaccharides chains is likely to be affected by their composition and degree 
of stiffness. The physicochemical properties consist of water-holding capacity, 
faecal bulking capacity, fermentation, viscosity, and binding capacity, for  
instance high viscosity is associated with reducing the rate of glucose and lipid 
absorbance (Jiménez-Escrig and Sánchez-Muniz, 2000; Blackwood et al., 
2000). 
Since seaweed is comprised of massive amounts of soluble polysaccharides ± 
including SDFs, they form an important source of dietary fibre. A significant 
number of dietary fibres are obtained from seaweed (mainly agar, carrageenan, 
alginate etc.), which have been used as part of the human diet for at least three 
thousand years (Lahaye, 1991; Tombs and Harding, 1998). To illustrate this, 
the market for seaweeds ± an important source of dietary fibre ± have been 
growing continuously 1-3 % per year linked to their high consumption in food 
and pharmaceutical industries (Bixler and Porse, 2011). The impact of seaweed 
on human healthcare (e.g. obesity and diabetes) is referred to its 
physicochemical properties in the alimentary tract such as dispersibility in 
water, viscosity, binding ability, absorptive capacity and fermentability 
(Kendall et al., 2010). For example, the dispersibility in water for seaweed 
polysaccharides cause retention of cholesterol and inhibit lipid absorbance in 
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the gut tract, which leads to a decrease in serum cholesterol levels (Jiménez-
Escrig and Sánchez-Muniz, 2000). Further, scientists have recently developed 
an anti-obesity diet based on seaweed or seaweed hydrocolloids for overweight 
people (see, Venugopal, 2009).  
 
1.4 HEALTH BENEFITS OF MARINE 
POLYSACCHARIDES 
 
The marine environment offers great biodiversity, of which marine 
polysaccharides form one of the most important group of organic compounds 
that can be extracted from this environment particularly marine plant or animal 
organisms. Marine polysaccharides are being extensively used for health 
benefits, including control of hyperlipidaemia, thrombosis, tumour and obesity 
among others. Marine polysaccharides are biodegradable, biocompatible, water 
soluble, non-toxic and have a highl swelling ability. These properties make 
them more suited for functional food, nutraceuticals, cosmeceuticals, 
pharmaceutical and biomedical applications (Figure1.7) (MacArtain et al., 
2007; Wijesekara et al., 2011; Wijesinghe and Jeon, 2012). During the last 
decade, great attention has been paid to the biomedical applications such as 
controlled drug delivery, tissue regeneration, wound dressing, dental implants, 
blood plasma expanders, vaccines and gene delivery (Venugopal, 2011). For 
example, in the delivery system marine polysaccharides (e.g. alginate or 
chitosan) have been utilized for microencapsulation for oral delivery of 
proteins or peptides. Consequently, these polysaccharides have potential for 
controlling the release rate of protein or peptide as well as protecting them 
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from denaturation and degradation in the gastrointestinal tract (Laurienzo, 
2010; Borgogna et al., 2011). The real potential of using marine 
polysaccharides for therapeutic application (e.g. natural product drug 
discovery) has attracted a special interest, due to differences in the structures of 
their bioactive components resulting in various biological activities (Senni et 
al., 2011; Wijesekara et al., 2011).  
Bioactive compounds are active macromolecules occurring in nature, and they 
DOVR D SDUW RI WKH IRRG FKDLQ UHIHUUHG WR DV ³QXWUDFHXWLFDOV´ WKDW KDYH a 
potentially positive effect on human health (Biesalski et al., 2009). The earliest 
biologically active substance extracted from a marine environment was 
holothurin which exhibited some antitumor activities in mice. Since then, 
extraction of bioactive compounds from marine resources has received a great 
deal of interest to yield drugs and natural products (Nigrelli et al., 1966; 
Laurienzo, 2010). Marine organisms provide a wide range of natural products 
including polyunsaturated fatty acids, polysaccharides, proteins, essential 
minerals and vitamins. Among marine organism contents, marine 
polysaccharides are the best sources of bioactive compounds used in 
biomedical applications (Kim and Wijesekara, 2010). Therefore, anticoagulant, 
antiviral, antioxidative, anticancer, and immunomodulation are the biological 
activities provided by marine polysaccharides which depend on molecular 
weight, chemical structure and conformation properties (Ye et al., 2008; 
Ahmed et al., 2014).  
The carrageenan polysaccharides from red algae have been reported to have 
good anticoagulant activity arising from their sulphated groups and large 
molecular weights (Shanmugam and Mody, 2000). Carrageenan offers 
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antioxidant activity that also depends on the amount of sulphate content (Rocha 
de Souza et al., 2007). In addition, earlier studies in vitro have suggested that 
carrageenan may exhibit antiviral activity particularly inhibiting the replication 
of herpes and hepatitis A viruses (Girond et al., 1991; Marchetti et al., 1995; 
Carlucci et al., 1999). The effect of carrageenan as an immunomodulator has 
been linked to their ability to act as an anti-inflammatory agent by removing 
pathogens and cell debris after inflammation. However, alginate extracted from 
brown seaweed has been reported to have antilipidemic activity because of its 
capability to reduce the total cholesterol and triglyceride content along with 
increasing the levels of high-density lipoprotein (Ahmed et al., 2014). The 
biological activity properties of alginate (e.g. nontoxic, biocompatible and 
biodegradable) generally have provided beneficial effects in biomedical 
applications such as controlled drug delivery (Laurienzo, 2010; Hickey, 2012).  
Marine polysaccharides extracted from shellfish particularly chitosan and its 
derivatives also contribute in several medical and health applications. Chitosan 
and its derivatives have attracted massive attention from the biomedical, food 
and chemical industries due to their biological activities such as, antitumor, 
anticholesteremic, antimicrobial, antioxidative, and drug delivery properties 
(Aranaz et al., 2009; Zhang, et al., 2010; Xia et al., 2011). The 
hypocholesterolemic effect of chitosan has been observed to reduce total 
cholesterol levels and triacylglycerol without side effects. Moreover, one of the 
most important properties of chitosan and its derivatives are antimicrobial 
activity that have been claimed to act against bacteria, yeasts and fungi. 
Chitosan has been claimed to inhibit the growth of microorganisms by 
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damaging the barrier properties of the microbial cell membrane (Helander et 
al., 2001; Sagoo et al., 2002). 
 
Figure 1.7: The major classes of marine polysaccharides with health benefits 
and potential industrial applications. Adapted from Prajapati et al. (2014).  
Chapter 1 MARINE BASED NON-DIGESTIBLE FIBRE POLYSACCHARIDES 
 
28 
 
Additionally chitosan and its derivatives have been claimed to have the ability 
to be used as drug carriers in cancer chemotherapy. For example conjugates of 
N-succinyl-chitosan with one of the anticancer agent Mitomycin C  have been 
reported to improve the efficacy of the anticancer effect along with lowering 
the side effects because of their predominant distribution into cancer tissue and 
slowing the release of drugs (Kato et al., 2005; Xia et al., 2011).   
 
1.5 INTERACTION WITH OTHER BIOPOLYMERS 
 
Marine polysaccharides exhibit many molecular interactions with (1) other 
biopolymers such as proteins and glycoproteins, (2) other polysaccharides, (3) 
smaller molecules such as water and other ionic solvents. Knowledge and 
understanding of the behaviour of these interactions is required in order to 
develop new materials for food, cosmetic and medical applications. Thus, the 
interactions involving marine polysaccharides might also extend to include 
weak reversible interactions to very strong and irreversible interaction 
complexes (Harding, 2013). It has been reported that seaweed polysaccharides 
(e.g. alginate) show favourable interaction with proteins (e.g. bovine serum 
albumin) leading to complex formation because of attractive forces (Kelly et 
al., 1994). A more spectacular example of the formation of large irreversible 
micron size particles is the interaction of polycationic chitosan with a mucin 
glycoprotein. Chitosan has thus been considered as a potential mucoadhesive 
for pharmaceutical application, due to its potential ability of increasing the 
residence time thus enhancing the absorption rate of the drug (Harding, 2003, 
2006). 
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The second important group of interactions involves electrostatic and 
synergistic interactions of marine polysaccharides with other polysaccharides. 
For example, carrageenan can interact with an oppositely charged 
polyelectrolyte (e.g. chitosan) forming hydrogels that have potential for 
FRQWUROOHG GUXJ UHOHDVH IURP GUXJ GHOLYHU\ V\VWHPV ,O¶LQD DQG 9DUODPRY
2005). Moreover, synergistic interactions have been observed for alginate with 
a mixture of konjac glucomannan and xanthan, which are ionic strength 
dependent, offering beneficial properties for therapeutic purposes 
(Abdelhameed et al., 2010; Harding et al., 2011a; Harding et al., 2012). 
However, a better understanding of these interactions using advances in 
hydrodynamic techniques might prove useful.   
 
1.6 HYDRODYNAMIC METHODS 
 
Characterisation of marine polysaccharides is by no means easy due to their 
polydispersity, variety of conformation and different polyelectrolyte behaviour 
in solution. Although these features can make interpretation of solution data 
complicated, it nonetheless provides a fascinating challenge to biophysical 
chemist scientists and has encouraged them to develop improved and new tools 
(Harding, 2005). The new advances of modern hydrodynamic methodology 
have provided such progress for investigating the properties of polysaccharides 
(e. g. molar mass, polydispersities, conformation, and their interactions) in 
solution. The recent advances in analytical ultracentrifugation (AUC) - 
specifically sedimentation velocity and sedimentation equilibrium - have 
impacted on the determination of the physical homogeneity, conformation and 
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flexibility of polysaccharides materials without the need for separation 
columns or membranes. Furthermore, AUC has enhanced estimation of the 
molar mass (molecular weight) and molar mass distribution using both 
sedimentation equilibrium (Schuck et al., 2014) or velocity (Harding et al., 
2011b), and also size exclusion chromatography coupled to multi angle light 
scattering (SEC-MALS). Moreover, the ability of combining a viscometer to 
SEC-MALS can give information not only on intrinsic viscosity but also the 
conformation (Wyatt, 1993; 2013). Therefore, the combination of 
hydrodynamic methods (e.g. AUC based on sedimentation velocity and 
equilibrium, SEC-MALS and viscometry) has enabled significant advances in 
terms of characterisation of the shape and flexibility for linear polymers in 
solution using a combination of different approaches.  
 
1.7 THE AIM OF THIS INVESTIGATION 
 
The aim of this study is firstly to investigate marine polysaccharides (e.g. 
carrageenan and chitosan) in solution for assessment of their structural 
integrity, size and conformation in terms of sedimentation coefficient, 
molecular weight, distribution of molecular weight and intrinsic viscosity. 
Sedimentation velocity along with sedimentation equilibrium in the AUC were 
used with SEC-MALS and viscometry in order to provide those fundamental 
biophysical information, which will support any strategy planned to investigate 
whether interaction occurs between one of these marine polysaccharides and 
other biopolymers including glycoproteins (e.g. mucin) and other 
polysaccharides (e.g. konjac glucomannan and xanthan). Thus, understanding 
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the behaviour of these marine polysaccharides alone and in mixture with other 
biopolymers can help increase our knowledge to develop better healthcare and 
therapies for common diseases.  
After a brief description of the hydrodynamic methods (Chapter 2) used for the 
series of studies described in this thesis we will sequentially highlight the 
determination of hydrodynamic properties for marine polysaccharides and their 
interaction with other biopolymers along the following lines: 
o Molecular conformation study of lambda carrageenan in aqueous 
solution (Chapter 3) 
o Hydrodynamic investigation of the oligomeric state of the main classes 
of carrageenan (kappa, iota and lambda) in solution (Chapter 4) 
o Hydrodynamic characterization of chitosan and its interaction with two 
polyanions: DNA and xanthan (Chapter 5) 
o Hydrodynamic studies on a mixture of non-digestible carbohydrates 
(Chapter 6) 
o Application of new hydrodynamic methods to study the mucin and its 
interaction with obter biopolymers in solution (Chapter 7) 
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CHAPTER 2 
 
METHODS FOR CHARACTERISING THE 
BIOPHYSICAL PROPERTIES OF 
MACROMOLECULES IN SOLUTION 
 
This chapter describes the principles and theory of the methodologies 
employed for characterising the macromolecular solutions used in this study, 
SDUWLFXODUO\SRO\VDFFKDULGHVDQGJO\FRSURWHLQ³PXFLQ´7KHVHPHWKRGVZRXOG
establish the basis of determining the biophysical properties of these 
molecules, including molecular weight, sedimentation coefficient, intrinsic 
viscosity, and conformational flexibility.     
 
2.1 INTRODUCTION 
 
Knowledge of the biophysical properties of macromolecules in dilute and 
concentrated solutions is crucial for understanding their function and structure 
on a macroscopic scale in nature. A wide range of analytical methods have 
been developed for the characterisation of macromolecules ± such as proteins 
and polysaccharides ± under solution conditions (Harding, 2013). In particular 
polysaccharides along with glycoproteins ± for example mucin ± show a 
different challenge to proteins in terms of estimation of their biophysical 
properties. As is well known polysaccharides are by no means easy to 
characterise, not only due to their polydispersity in nature, but also because of 
their great variety of conformation and ± for many ± high charge in solution 
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(Harding, 2005). Taking advantage of the new advances of modern 
hydrodynamic methodology provide us powerful techniques for investigating 
the properties of polysaccharides (e. g. molar mass, conformation) in solution. 
Such advances include enhanced estimation of the molar mass (molecular 
weight) and molar mass distribution using analytical ultracentrifugation based 
on sedimentation equilibrium (Schuck et al., 2014) or velocity (Harding et al., 
2011), and size exclusion chromatography coupled to multi angle light 
scattering (Wyatt, 1993; 2013). Therefore, a combination of hydrodynamic 
methods has significant advantages in terms of characterisation the shape and 
flexibility of linear polymers in solution. Flexibility is also represented 
quantitatively by the persistence length, Lp and the mass per unit length, ML 
and can be estimated using different approaches for example Bushin-
Bohdanecky, Yamakawa-Fujii and Multi-HYDFIT.   
In this study all samples (mainly polysaccharides and glycoproteins) have been 
characterised using several techniques, based on hydrodynamic and 
thermodynamic analytical methods. The analytical ultracentrifuge, size 
exclusion chromatography coupled to multi angle light scattering and 
viscometry were the main techniques used to evaluation the hydrodynamic 
properties such as molar mass, sedimentation coefficient, distribution of molar 
mass and intrinsic viscosity, whilst the thermally induced transitions ± referred 
to conformation transitions ± was examined using the micro-differential 
scanning calorimetry (see chapter 4). In this chapter, we will outline the 
principles and properties of these techniques, as has already been mentioned.    
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2.2 ANALYTCAL ULTRACENTRFUGATION (AUC) 
 
Analytical ultracentrifugation (AUC) is a very powerful separation technique 
employed for characterising the hydrodynamic and thermodynamic properties 
of biological and non-biological macromolecules in a wide range of solvents 
and concentrations (Cole et al., 2008). AUC was developed by Svedberg and 
co-workers in the 1920s. Later on, Edward Pickels redesigned it into a 
commercial instrument (see, e.g. Scott and Schuck, 2005). The boom period for 
this technique was between 1950 and 1970, with the focus in obtaining the 
molecular weight and sedimentation coefficient parameters. It declined with 
the advent of the much simpler techniques (e.g. electrophoresis and 
chromatographic) that became more popular for estimation of the molecular 
weight for macromolecules. However, such techniques have limitations to 
determine the molecular weight in case of polydisperse and interacting systems 
due to calibration requirements and reliance on a series of assumptions that are 
IUHTXHQWO\ LQYDOLG 5DOVWRQ  ,Q WKH ¶V DQG ¶V $8& KDV UH-
emerged as a popular method for analysing the properties of macromolecules 
in solution, thanks to advancement in the new instrumentation with automatic 
computer on-line data capture and simple computer analysis systems (Harding, 
2005).   
The free-solution method of AUC has great advantages compared to other 
methods as it has an intrinsic separation ability (unlike light scattering) and 
without the need for columns, membrane materials, other separation media or 
immobilisation materials (unlike electrophoresis and chromatography), which 
might otherwise disrupt or interfere with interaction phenomena because of 
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anomalous binding. Conceptually, AUC involves the application of a 
centrifugal force with a detection system observing the distribution of 
macromolecules in real time (Scott and Schuck, 2005). Thus, absolute molar 
mass (weight, number and z-average) and molar mass distribution can be 
obtained using sedimentation equilibrium, and used alongside other methods 
such as the sister technique of sedimentation velocity in the analytical 
ultracentrifuge ± which gives a direct record of sample heterogeneity ± it is a 
very powerful probe (Harding, 2005; Harding, 2012). The next section will 
consider the most important components of AUC, followed by a short 
description of the two experimental modes ± sedimentation velocity and 
sedimentation equilibrium.  
 
2.2.1 Ultracentrifuge Instrumentation 
 
The renaissance of analytical ultracentrifugation has been induced by the 
modern Optima XL-A and XL-I series (Beckman-Coulter instrument) 
following their release in 1990 and 1996, respectively (Schuster and Toedt, 
1996). These instruments provided two different detection (optics) systems, 
UV/Vis absorbance and Rayleigh interference with real-time observation, 
which allowed rapid data acquisition and analysis for macromolecules across a 
wide range of concentrations (Furst, 1997). An analytical ultracentrifuge is 
made up of a number of components, and its most important components will 
be briefly described.  
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2.2.1.1 Rotor 
 
Nowadays the analytical rotors are constructed with either four or eight holes 
from one piece of titanium. Usually one of the holes is used for the 
counterbalance, which provides the radial calibration at given centrifugal 
speed. Commercially available rotors for eight and four holes are namely the 
Beckman-Coulter An-50Ti and An-60Ti, respectively. The remaining holes of 
the rotors therefore, are employed for sample cells, which in case of eight holes 
rotors (if multi-channel cells are used) can be used for different measurements 
under several conditions. The maximum speeds allowed for the 8-hole and 4-
hole analytical rotors are in the range of 50 000 and 60 000 rpm, respectively.  
 
2.2.1.2 Cells 
 
The ultracentrifuge cells are composed of a number of components designed to 
resist the extreme stresses that are often generated at high speed, without 
distortion or leaking. In addition, the cells should allow the passage of light 
through, to allow for samples to be examined. Figure 2.1 shows an example of 
a cell assembly for the typical analytical ultracentrifugation cell. There are 
many types of cell available based on the different type of centerpieces and 
windows, depending on the experiment. Generally the most common windows 
used are sapphire and quartz, while three types of centerpieces are available 
(mono-sector, double-sector and multi-channel) are made of aluminum, 
titanium, Kel-F (polychlorotriflouroethylene or PCTFE) or Teflon filled epon. 
The cells normally have double-sector shaped channels a designed that allows 
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the molecules to sediment without convective disturbances arising from the 
interaction with walls of the centerpieces. Another advantage of having two 
separate chambers over one is to allow the detection systems to measure the 
difference in signal between the sample and reference sectors (Ralston, 1993).  
 
Figure 2.1: Schematic of cell assembly, where (A) window assembly 
components, (B) showing centerpiece and window assemblies, and (C) cell 
housing, screw ring and screw ring gaskets. Adapted from Ralston (1993).  
 
However, a centerpiece is the heart of the cell between two windows, and each 
one of these is placed in a window holder including a gasket and a window 
liner. All these pieces are assembled together inside a metal housing, after 
which the cell has to be tightened using a torque wrench. In this study, a 
standard thickness for centerpieces of 12.0 mm is mostly used for both 
sedimentation velocity and equilibrium experiments, whereas 20.0 mm can be 
applied for some cases of sedimentation equilibrium experiments. Using such 
long path length centrepieces cells (20.0 mm)  has allowed us to work at 
relatively low concentration (0.3 mg mL-1), producing a greater signal to noise 
ratio (Harding, 2005).  
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2.2.1.3 Detection System 
 
The data obtained essentially from the analytical ultracentrifugation experiment 
are the radial concentration distributions at given times. The passage of light 
yield by the optical detectors allows the measurement of the concentration 
distribution of the samples and its redistribution with time in the cell. There are 
three main detectors mostly used in modern analytical ultracentrifugation 
namely, interference optics, absorbance optics and fluorescence optics. The 
recent addition to Optima XL-A/I ultracentrifuges is fluorescence. This system 
is used for detecting trace quantities of materials, and is extremely sensitive for 
detecting concentrations as low as (10 ng mL-1). It can also be applied for the 
mixture components and analysing the interaction, but samples has to be pre-
labeled with an appropriate fluorescence label (Laue, 2004).    
In absorbance optics, detection of the concentration in terms of absorbance 
utilizes the Lambert-Beer law (ܣ ൌ ߝǤ ܿǤ ܽሻ; where the signal of absorbance 
(A) is proportional to concentration (c) of the solute, and optical path length of 
the cell (a = 1.2 cm for standard centerpieces), with the absorption coefficient 
(ߝ), being the constant of proportionality. The optics is applicable over a 
wavelength range from 190 to 800 nm (Ralston, 1993). The main disadvantage 
of the absorbance system is the relatively long time required to complete the 
measurement, which is usually not a problem for a sedimentation equilibrium 
experiment. However, in the case of sedimentation velocity longer duration of 
measurement may affect the amount of data collected particularly at high speed 
60000 rpm (Mächtle and Börger, 2006; Cole et al., 2008). Therefore, 
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absorbance optics are mostly applicable to macromolecules that can absorb UV 
light.   
 
Figure 2.2: Interference optics detector of the Beckman XL-I ultracentrifuge. 
Adapted from Ralston (1993). 
 
The interference optical system is designed on the principle of a Rayleigh 
interferometer, whose measurement depends on the different refractive index 
of solution to solvent. In these optics, the laser (wavelength 670 nm) on 
Optima XL-I ultracentrifuge is directed through the solution sector and 
reference solvent sector to create an interference pattern of parallel bright and 
dark fringes, and captured by a charge-coupled device (CCD) camera (Figure 
2.2). The change of the sample concentration at the boundary region while it 
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sediments leads to the difference of the refractive index, which results in the 
displacement of the fringe pattern, obtained. In contrast to absorbance optics, 
this system recorded more scans with a higher frequency, making it particularly 
useful for the detection of fast moving large macromolecules (e.g. 
polysaccharides and glycoproteins). Further, this optical system can be used to 
monitor a wide range of macromolecules in different solvents; due to the 
ability of all macromolecular to change the refractive index of solvents and this 
can be recorded.  
In general, the different optical systems can be combined yielding a system 
called multiple detections. For instance, combination of interference optics and 
absorbance optics can acquire useful information about the mixture, where 
absorbance optic used to detect the absorbing component, and interference 
optics monitored all components together. This method (also refer to co-
sedimentation) is particularly useful for assaying the interaction, and 
previously successfully employed (see, e.g. Cölfen et al., 1996; Deacon et al., 
1999).   
 
2.2.2 Sedimentation Velocity 
 
Sedimentation velocity, one of the basic types of experiment carried out by 
analytical ultracentrifugation provides a quantitative assessment for the 
heterogeneity of samples and also analysis of the purity and degree of 
aggregation of the native structure (Stafford III, 1992; Ralston, 1993). 
Sedimentation velocity experiments are performed with a Beckman Optima 
XL-I analytical ultracentrifugation at controlled speed and temperature, where 
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the change in solute distribution across the solution in a cell is measured as a 
function of time. The fact that sedimentation velocity experiments employ, 
relatively high speeds and a long solution column helps to maximise the 
resolution of the solution components (Harding, 2005).  
The principle of sedimentation velocity will now be briefly described. 
Basically a macromolecular solute is affected by three forces when suspended 
of dissolved in a solvent on a rotor spinning at high speed. Under the influence 
of these forces, the macromolecules quickly accelerate and reach terminal 
velocity. Figure 2.3 shows an example of these phenomena (three forces) in an 
ultracentrifuge cell. Centrifugal force, Fc is the first force experienced by the 
moleculer, which is depended on the molecule mass (m), the distance of the 
molecule from the axis of rotation (r) and the angular velocityሺ߱). From 
Archimedes Principle the second is the buoyant force, Fb which equal to the 
weight of the solution displaced. Finally, frictional force, Fd will also be 
exerted on the macromolecule as result of movement the molecule through a 
viscous solution with the velocity (v). At terminal velocity the three forces 
come into balance: 
ܨ௖ ൅ ܨ௕ ൅ ܨௗ ൌ  ?                                                                                           (2.1) 
where,ܨ௖ ൌ  ߱ଶݎ݉, ܨ௕ ൌ െ߱ଶݎ݉଴ and ܨௗ ൌ െ݂ݒ. The frictional coefficient ݂ is dependent on the molecule size and shape. The negative signs in the last 
two forces indicted that these act in the opposite direction to centrifugal force. 
Therefore, the mass of solution displaced, ݉଴ may replace to the molecule 
mass times its partial specific volume (ૣ), multiplied density (ߩሻof the 
solution: 
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߱ଶݎ݉ሺ ? െᛓߩሻ െ ݂ݒ ൌ  ?                                                                             (2.2) 
 
Figure 2.3: Diagram of a macromolecule in the sedimentation process. 
Adapted from van Holde (1985).   
 
Rearranging, and replacing the molecular mass m (g) by M/N, where M is the 
molar mass or molecular weight (g mol-1 or Da) and N LV$YRJDGUR¶VQXPEHU
6.02 x 1023 mol-1 we get an equation for the sedimentation coefficient: 
  
ெሺଵିᛓఘሻே௙ ൌ  ௩ఠమ௥ ൌ ݏ                                                                                      (2.3) 
The sedimentation coefficient (s) is defined as the velocity of the sedimentation 
molecule per unit gravitational acceleration. It has unit of Svedberg, S where 1 
S = 10-13 second.  
In a centrifugal field the molecules will sediment towards the cell bottom, 
therefore the region near the meniscus will become completely cleared of the 
solute, and a moving boundary is formed between the solute and solvent. From 
the rate of this boundary (see, Figure 2.4), it is possible to calculate the 
sedimentation coefficient and distribution of sedimentation coefficient (see e.g. 
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van Holde, 1985; Dam and Schuck, 2004). Since the sedimentation velocity 
has been expressed as a differential in radial position of the boundary (drb) 
over time (dt) from equation: 
ݏ ൌ  ௩ఠమ௥ ൌ  ௗ௥್ ௗ௧ ?ఠమ௥                                                                                          (2.4) 
Integration of (2.4) with the radial position of the meniscus (rm): 
ሺݎ௕ ݎ௠ ? ሻൌ ݏ߱ଶݐ ൌ ݏ ׬ ߱ଶ݀ݐ௧଴                                                                     (2.5) 
Plotting ሺݎ௕ ݎ௠ ? ሻ versus time ݐ, yielded a slope of straight line ߱ଶݏǡthis 
leads to determine the sedimentation coefficient (s).   
The moving boundary on Figure (2.4) shows a good example of diffusion of 
the sample in solution since its concentration increases with time towards cell 
base; sharp boundary presents less diffusion whereas significant diffusion 
spreads the boundary out.   
 
Figure 2.4: Movement of the boundary in sedimentation velocity experiment 
for lambda carrageenan 0.25 mg mL-1.  
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In the sedimentation velocity experiment, the value of the sedimentation 
coefficient is influenced by temperature as well as the density and the viscosity 
of the solvent. Thus, in order to normalize these contributions the collected 
data can easily be transformed to standard conditions (the density, ߩ and 
viscosity, ߟ of water at 20.0 0C): 
ݏଶ଴ǡ௪ ൌ  ݏ்ǡ௕ ൬ଵିᛓ௣మబǡೢଵିᛓ௣೅ǡ್ ൰Ǥ൬ ఎ೅ǡ್ఎమబǡೢ൰                                                                 (2.6) ߩ்ǡ௕ and ߟ்ǡ௕ are the density and viscosity of the solvent, ߩଶ଴ǡ௪ and ߟଶ଴ǡ௪ the 
corresponding values for water at temperature 20.0 0C, whereas ૣ is the partial 
specific volume.  
It is known that the sedimentation coefficient ݏଶ଴ǡ௪ is concentration dependent, 
which normally decreases with increasing the concentration. Thus the value of ݏଶ଴ǡ௪ measured at a given concentration will be an apparent one, due to non-
ideality effects arising from co-exclusion and charge effects. Such effects can 
be corrected using the conventional way ± namely, measurement performed at 
a series loading concentration and then extrapolated to zero concentration 
(Harding, 2005). This is usually applied by plotting 1/ ݏଶ଴ǡ௪ versus c using the 
following equation:  ? ݏଶ଴ǡ௪ൗ ൌ  ൫ ? ݏଶ଴ǡ௪௢ ? ൯Ǥሺ ? ൅  ௦݇ܿሻ                                                               (2.7) 
where, ݇௦ (mL g-1) is the concentration dependence coefficient. This relation is 
valid however only over a limited range of concentrations (Harding, 2005). For 
a system with strict concentration dependence other relations can be used such 
as that proposed by Rowe (Rowe, 1977, 1992).  
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Taking advantage of new advances in the software for recording the whole 
radial concentration with time has allowed us to measure the distribution of 
sedimentation coefficient; where the differential distribution is described as the 
population ± weight fraction ± of species with sedimentation coefficient 
between s and s+ds (Dam and Schuck, 2004). A recent approach based on 
modeling of the Lamm equation (2.8) ± now popularly referred to as the 
SEDFIT algorithm ± is used to calculate the distribution and the weight 
average sedimentation coefficient of the sedimenting species. This is achieved 
by integration the peak or resolved peaks from the plotting of g*(s) versus s 
(Harding, 2005; Dam and Schuck, 2004). The distribution yielded here is 
influenced by diffusion effects (usually small for polysaccharides) that can be 
corrected in the method of c(s) using the approximation of a single, weight 
average frictional coefficient (see, e.g. Dam and Schuck, 2004). The 
calculation of g*(s) from the radial derivative dc/dr is always presents a noise 
due to the nature of interference optical system. This noise is eliminated using 
least squares boundary modeling ± ls-g*(s) ± introduced by Schuck (1998) and 
Dam & Schuck (2004), where the star indicates the apparent sedimentation 
coefficient distribution is not corrected to diffusion.      
ቀௗ௖ௗ௧ቁ௥ ൌ  െଵ௥ ቄ ௗௗ௥  ቂݏ߱ଶݎଶܿ െ ܦݎ ቀௗ௖ௗ௥ቁ௧ቃቅ                                                   (2.8) 
The molecular weight can be obtained from the information of sedimentation 
coefficient combined with another measurement parameter namely the 
diffusion coefficient in the Svedberg equation (see, e.g. Harding, 2005):  
ܯ ൌ  ௦బோ்஽బሺଵିᛓఘబሻ                                                                                               (2.9) 
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where, ߩ଴ is solvent density, ݏ௢ and ܦ௢ are the sedimentation and diffusion 
coefficients, respectively.  
It is also possible to estimate the molecular weight by transforming a 
distribution of sedimentation coefficient g(s) versus s into a distribution of 
molecular weight f (M) versus M using the Extended Fujita method of Harding, 
Schuck and co-workers (Harding et al., 2011). The transformation is as 
follows: 
݂ሺܯሻ ൌ  ሺ݀ݏ ݀ܯ ? ሻǤ ݃ሺݏሻ                                                                            (2.10) 
The linking is applied with manipulation of the power law relation (similar to 
Mark-Houwink-Kuhn-Sakurada relation linking the intrinsic viscosity with 
molecular weight) (see, e.g. Harding et al., 1991; Tombs and Harding, 1998): 
ݏ ൌ  ܭ௦ܯ௕                                                                                                  (2.11) 
Shape is taken care of by the power law coefficient b and manipulation of the 
equations yields the following relation (Harding et al., 2011): 
݂ሺܯሻ ൌ ܾǤ ൫ܭ௦ଵ ௕ ? ൯Ǥ ൫ݏ௕ିଵ ௕ ? ൯Ǥ ݃ሺݏሻ                                                            (2.12) 
b the conformation parameter, has limits of 0.4-0.5 for a flexible coil, 0.67 for 
a compact sphere and 0.15 for  a rigid rod (see, e.g. Tombs and Harding, 1998), 
and ܭ௦can be found from equation (2.11) provided that at least one value of M 
is known for one value of s (from analytical ultracentrifugation). Furthermore, 
working at low concentration (0.2 mg mL-1) and high ionic strength (e.g. 0.1M) 
minimizes the non-ideality arising from co-exclusion and polyelectrolyte 
effects, which could have led to significant underestimate for molecular weight 
(Harding, 2005).  
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This method has been popularly used for monodisperse system by 
transformation of c(s) into c(M) distribution if the frictional coefficient is 
known (see, HJ6FKXFN7KHPHWKRGVNQRZQDVWKH³([WHQGHG)XMLWD´
method has recently been implemented into the SEDFIT platform algorithms 
for estimation the heterogeneous systems including polysaccharides and 
mucins (Harding, et al., 2011; Gillis et al., 2013).    
 
2.2.3 Sedimentation Equilibrium 
 
The sedimentation equilibrium experiment is another type of experiment that 
can be carried out in the AUC. It is different from sedimentation velocity in 
that relatively lower angular velocities are required and it usually takes a longer 
duration depending on the size and shape of the macromolecule (van Holde, 
2002; Cole et al., 2008). An important factor for the sedimentation equilibrium 
experiment is the selected rotor speed, where needs to be high enough to ensure 
the sedimentation of the macromolecule from the meniscus, but not too high to 
sediment a significant proportion of macromolecule to the cell base. Therefore, 
the speed and duration of sedimentation equilibrium is affected by a number of 
experiment factors such as the mass range of the molecule, the solvent 
viscosity and the solution column length. In particular the time to attain 
equilibrium is approximately proportional to the square of solution column 
length ± the shorter the solution column used the faster the time to reach 
equilibrium (Ralston, 1993; Laue and Stafford, 1999).    
As the macromolecule begins to sediment to the cell base, the concentration is 
increased at the base and the diffusion force become increasingly significant 
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opposes that of sedimentation. After a period of time, the forces of the 
sedimentation and diffusion become comparable so that a steady state pattern 
of macromolecule concentration is established (Figure 2.5). Since there is no 
net transport or frictional effect, the final pattern is only a functional of 
molecular weight and polydispersity. This method is an absolute way of 
estimating the molecular weight of macromolecule, whereby sample 
fractionation is achieved without the need for a separation column or 
membranes (Harding, 2005). In addition, it is applicable for a wide range of 
molecular weights from hundred up to several millions, due to the varied rotor 
speed from 500 rpm (for high Mw) to 60000 rpm (for small Mw) (Mächtle and 
Börger, 2006). 
 
Figure 2.5: Profile of sedimentation equilibrium process for kappa carrageenan 
at NaI 0.1M and concentration 0.3 mg mL-1.  
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Under ideal conditions the concentration distribution between selected radial 
positions r and r0 can be explained for a single macromolecule using the 
following equation:  
ܿሺݎሻ ൌ  ܿ଴  ൤ெೢǡೌ೛೛ሺଵିᛓఘబሻఠమሺ௥మି௥బమሻଶோ் ൨                                                     (2.13) 
where ܿሺݎሻ is concentration of the sample at radial position r, ܿ଴ concentration 
of the sample at a reference radial position r0 whereas R is the gas constant and 
the T is temperature (see, e.g. Cole et al., 2008). This equation also provides 
the molecular weight in the form of an apparent weight average molecular 
weight (Mw,app) as it is affected by thermodynamic non-ideality. To obtain 
Mw,app for a heterogeneous or non-ideal distribution of molecules from this 
equation requires extrapolation of the c(r) to meniscus or base since the data 
near both positions are not measurable due to interface distortion effects of the 
optical signal. However, the extrapolation of c(r) to the cell base for 
heterogeneous systems can provide unreliable results due to strong curvature of 
the optical signal in the region approaching the cell base. A further difficulty is 
that in terms of the meniscus region, interference optics records not c(r) 
directly but c(r) ± c(a) versus radial displacement r, and in terms of the 
corresponding fringe displacement units J(r) ± J(a); thus c(a) or J(a) has to be 
found by some other way since information of molecular weight depends upon 
both.  
To address these problems, the MSTAR algorithm can be used by applying the 
M* function (see, e.g. Creeth and Harding, 1982; Harding et al., 1992; Cölfen 
and Harding, 1997). Recently, it has been incorporated into the SEDFIT 
platform as SEDFIT-MSTAR (Schuck et al., 2014). The M* function is defined 
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by the integral transformation for sector shaped solution columns with the 
radial position r: 
ܯכሺݎሻ ൌ  ௖ሺ௥ሻି௖೘௞௖೘൫௥మି௥೘మ ൯ାଶ௞ ׬ ሾ௖ሺ௥ሻି௖೘ሿ௥ௗ௥ೝೝ೘                                                      (2.14) 
where, the meniscus concentration is ܿ௠ ൌ ܿሺݎ ൌ ݎ௠ሻ, and k is obtained from 
the following equation: 
݇ ൌ  ሺଵିᛓఘሻఠమଶோ்                                                                                                (2.15) 
Then the extrapolation towards cell base of M*(r) yields the apparent weight 
average molecular weight for the whole distribution: 
ܯכሺݎ ൌ ݎ௕ሻ ൌ  ܯ௪ǡ௔௣௣                                                                               (2.16) 
The extrapolation is much easier to do than the corresponding extrapolation of 
c(r) to the base required by eqn. (2.13). It is also possible to evaluate the point 
apparent weight average molecular weights as function of radial position, ܯ௪ǡ௔௣௣ and at the hinge point (ݎ ൌ ݎ௛௜௡௚௘ሻ: 
 ܯ௪ǡ௔௣௣൫ݎ௛௜௡௚௘൯ ൌ  ܯ௪ǡ௔௣௣                                                                        (2.17) 
where hinge point is given as the radial position at which the local 
concentration, ܿሺݎሻ  is equal to the loading concentration, ܿ଴.  
Working at low concentration (0.3 mg mL-1) and a reasonable ionic strength 
(0.1M) helps to minimize the non-ideality arising from co-exclusion and 
polyelectrolyte effect, and the apparent molecular weight at this loading 
concentration Mw,app is approximately ~ Mw the true or ideal weight average 
molecular weight. However, for some polysaccharides (for example chitosan) 
Chapter 2 METHODS FOR CHARACTERISING THE BIOPHYSICAL PROPERTIES OF MACROMOLECULES IN SOLUTION 
 
51 
 
these effects can still be significant and the assumption is made is sometimes 
not valid (Harding, 2005; Schuck et al., 2014). Consequently, such effects can 
normally be vanished by performing a series of measurements at different 
loading concentration and extrapolating back to zero concentration. There is a 
simple relation relating ܯ௪ǡ௔௣௣  and ܯ௪ at dilution (Tanford, 1961): ܯ௪ǡ௔௣௣ ൌ  ܯ௪Ǥ ሾ ? ሺ ? ൅  ?ܤܯ௪ܿሻ ? ሿ                                                             (2.18) 
where B is the second thermodynamic virial coefficient (mL mol g -2).  
 
2.3 SIZE EXCLUSION CHROMATOGRAPHY 
COUPLED TO MULTI ANGLE LIGHT 
SCATTERING (SEC-MALS) 
 
One of the most important parameters describing a macromolecule is its 
molecular weight and its molecular weight distribution. The size exclusion 
chromatography (SEC) combined with a photometer, such as a classical multi-
angle light scattering (MALS) detection has revolutionised the measurement of 
absolute molecular weight ± like sedimentation equilibrium in analytical 
ultracentrifugation ± and molecular weight distribution for polymers (Wyatt, 
1993; 2013; Harding, 2012). In the case of a polydisperse systems, the SEC 
separates macromolecules and the elution fractions (on-line) pass through a 
flow cell in the MALS, thus the total intensity of light scattered can be 
measured for each elution volume. As the system is also coupled to on-line to a 
refractive index (concentration) detector the weight average molecular weight 
can be specified as well the distribution of molecular weights. The method has 
become a popular choice for polydisperse systems since the first determination 
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of polysaccharides ± alginate ± by Horton et al. and glycoprotein ± such as 
mucin ± by Jumel et al. (Horton et al., 1991; Jumel et al., 1996).   
 
2.3.1 Size Exclusion Chromatography (SEC) 
 
Size exclusion chromatography (SEC) has become one of the popular 
fractionation technique combined with light scattering, which separates 
molecules upon their size in solution (hydrodynamic volume). The SEC 
column is packed with a matrix of porous particles beads of selected size and 
porosity. The solute molecules will penetrate through this matrix based on 
phases moving, where solvent is known as the mobile phase and the matrix 
beads as stationary phase. The basis of separation for mixtures of molecules in 
solution is shown in Figure (2.6); the large molecules are not able to penetrate 
the matrix beads and and eluted out faster, whereas a small molecules will pass 
through the column taking a relatively longer time to elute. Therefore, the 
separation process can be affected by several factors including temperature, 
mobile phase, type of material of the column, flow rate of mobile phase and 
column packing pore size (Kostanski et al., 2004). Thus, separation on this 
method depends on the size of a macromolecule, and with some major 
assumptions has become a direct and simple measure for the molar mass or 
molecular weight of a macromolecule (Wen, et al., 1996). 
However, molecular weight measurement can be affected by the shape of 
molecule - since separation also depends on shape - and self-association (e.g. 
protein) or interaction with the column in case of polysaccharides. Thus, the 
SEC technique is not an absolute method by itself for estimating the molecular 
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weight, which calibration and assumption have to be made (see, e.g. Harding et 
al., 1991). Combination of SEC with the appropriate detection systems (e.g. 
MALS) provides the absolute estimation of hydrodynamic properties such as 
molecular weight.  
 
Figure 2.6: Separation of two different samples by size exclusion 
chromatography. Adapted from Wyatt (2013).  
 
In this study SEC was performed using several conditions to ensure a high 
quality of separation. A filtered mobile phase ± using 0.2 PM nylon membrane 
filter ± was run overnight for equilibration at flow rate of 0.8 mL min-1. The 
SEC columns consist of a guard column and a series of two columns for 
separation of sample components, which are equilibrated at 20.0 oC using a 
chromatographic temperature regulator cabinet (Anachem Ltd, UK).  
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2.3.2 Multi Angle Light Scattering (MALS) 
 
Light scattering is one of the absolute methods for determine the molecular 
weight and radius of gyration of macromolecules, which can be performed in 
batch or chromatographic modes (see, e.g. van Holde, 1985; Jumel et al., 1992; 
Wyatt, 1992, 1993). Theoretically the light scattering phenomena take places 
after electromagnetic radiation strikes a macromolecule. The macromolecule 
emits scattered light that is induced by interaction of the electrons from the 
molecule with the oscillating electric field component from light (Wyatt, 
1993). The angular dependence of the intensity of scattered light is recorded in 
classical light scattering (van Holde, 1985). As single macromolecule can have 
many scattering points due to intramolecular interference. Therefore, the 
scattering intensity is reduced with increasing the scattering angles. In general 
there are two principle physical parameters of a macromolecule associated with 
the phenomenon of light scattering: Firstly the intensity of the scattered light 
scattering is directly proportional to the weight average molecular weight 
multiplied by concentration. Secondly the variation of the scattering intensity 
with angle is related directly to the radius of gyration of molecule.   
The molecular weight is measured as a function of the intensity impinging on 
the scattering volume, V using the intensity of light scattered at some angle, ߠ  
and can be arranged as follow (Jumel et al., 1992):  
 ܴఏ ൌ  ܬఏ ܫ଴ ? ܸ                                                                                             (2.19) 
where ܴఏ is known as the Rayleigh factor, and the intensity of scattered beam ܬఏ whereas ܫ଴ is the intensity of the incident beam. Light scattering results from 
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the random fluctuations in solute concentration: information of solute 
concentration and refractive index is therefore required. Consequently, the 
relation of the Rayleigh excess factor with the physical characteristics of the 
scattering molecule is described by the following expression (see, e.g. Jumel et 
al., 1992; Wyatt, 1992, 1993): 
 
௄௖ோഇ  ൌ  ଵெೢ௉ሺఏሻ ൅  ?ܣଶܿ ൅  ?ܣଷܿଶ ǥ                                                              (2.20) 
where c is the concentration of solution,  ܲሺߠሻ the form factor describes the 
angular dependence of scattered light which depends on shape and size of 
molecules, the A thermodynamic term called 2nd, 3rd, «and subsequent virial 
coefficients which is equal to zero for ideal solution, and K an optical constant 
which includes the wavelength ሺߣሻ and refractive index increment dn/dc as in 
the following: 
ܭ ൌ   ?ߨଶ݊ଶሺ݀݊ ݀ܿ ? ሻଶ ஺ܰߣ଴ସ ?                                                                      (2.21) 
However, at low angles where ߠ approaches zero and ఏܲ =  1, the third and 
higher virial coefficients can be eliminated and equation (2.20) becomes (see, 
e.g. Wyatt, 2013): 
௄௖ோഇ  ൌ  ଵெೢ ൅  ?ܣଶܿ                                                                                        (2.22) 
whereas at low concentration with low angle the following equation is 
adequate: 
 
௄௖ோഇ  ൌ  ଵெೢ                                                                                                    (2.23) 
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Taking advantage of measuring the scattering intensity at different angles and 
concentration using multi-angle light scattering allows us to determine the 
value of weight average molecule weightܯ௪, second virial coefficient, A2 and 
radius of gyration, Rg utilizing a Zimm plot. In the case of MALS combined to 
SEC however, the working concentration is too low, thus Zimm plot cannot be 
performed which depends on different concentrations. Therefore, the Debye 
plot is adopted as it depends on different angle ± as Zimm plot ± but at one 
single low concentration (Wyatt, 1993, 2013).  
 
Figure 2.7: The schematic setup of chromatography with on-line light 
scattering detection. Adapted from Wyatt (2013).  
 
In these studies described in this thesis, the SEC-MALS system used is a 
combination of different components as shown in (Figure 2.7); namely size 
exclusion chromatography (SEC), a photometer (MALS) and on-line 
refractometer (concentration detector) to measure the different average 
molecular weight and other parameters utilizing the Debye equation (2.22). 
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Thus, although the angular extrapolation plot can be done using different 
procedures, only two have been considered on this chapter and they are based 
on the ASTRA package of software (Wyatt Technology, Santa Barbara, CA). 
The first is a Debye fit where ܴఏ ܭܿ ?  is plotted versus ଶሺߠ  ? ? ሻ and 
extrapolated to zero angle, thereby Mw is obtained from the intercept and from 
the slope the z-average Rg. The second methods is a Zimm fit in which  ܭܿ ܴఏ ?  
is plotted as a function of ଶሺߠ  ? ? ሻ, to yield 1/ Mw  and the z-average Rg from 
intercept and slope, respectively.  
 
2.4 VISCOMETRY 
 
Viscometry is one of the simplest methods used in the hydrodynamic analysis 
of a polymer in solution, which can provide basic information about shape, 
conformation flexibility and the state of aggregation or degradation (Harding, 
2012). In general, the fluid viscosity is a measurement of fluid resistance to 
flow and depends on the volume occupied by macromolecules as well as their 
shape and size (see, e.g. Harding, 1997). For understanding the theory behind 
the viscosity Figure (2.8) should be considered: a liquid is held between two 
infinite parallel plates, of which one is moving in the x direction with a 
constant velocity v, whereas the other is stationary. The degree of resistance is 
measured by viscosity, where deformation that is experienced thereby liquid is 
known as shear strain and can be referred to as d/dt (dx/dy) or dv/dy at any 
point. Therefore, the liquid will shear at a constant rate when is subjected to a 
constant shear strain (van Holde, 1985).  
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Figure 2.8: Schematic diagram representing the movement of a Newtonian 
liquid between parallel plates. Adapted from van Holde (1985). 
 
The relation between shear stress ߪ and the rate of shear strain for the most 
liquids (Newtonian liquids) can be presented as follows (van Holde, 1985): 
ߪ ൌ ߟ ௗௗ௧ ቀௗ௫ௗ௬ቁ                                                                                             (2.24) 
where ߟ is the viscosity of the liquid and has the dimensions of g cm-1 s-1, these 
units are called Poise. From the expression of equation (2.24) a definition of 
viscosity can be yielded as well. Therefore, the measurement of the rate energy 
dissipation of the flow and shear rate has been used as another definition of 
viscosity, which was developed by Einstein (1906) as shown in equations (2.25 
and 2.26), respectively:  
ி஺୼௬   ? ௗ௫ௗ௧ ൌ ߟ ቀ ௩୼௬ቁଶ                                                                                    (2.25) 
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in deforming the sample of fluid the energy expended F dx (=dE) in time dt 
and ܣȟݕ is the volume of the fluid, hence.  
ௗாௗ௧ ൌ ߟ ቀ ௩୼௬ቁଶ                                                                                             (2.26) 
For estimation of the viscosity of macromolecules in solution, the solvent 
viscosity should be first measured after that the solute measurement performed 
at an appropriate concentration showing more viscosity compared to solvent. 
The concentration and macromolecular interactions both affect solution 
viscosity relative to the pure solvent (Harding, 1997: Harding 2012). In this 
study there are two principle types of viscometry used to measure viscosity 
namely: capillary viscometry and pressure imbalance differential viscometry.  
 
2.4.1 Capillary Viscometry 
 
The most common viscometer is still the capillary (or Ostwald), and is a 
precision piece of glassware suspended in a constant temperature environment 
(Figure 2.9). It is simply used by determining electronically the time for a 
volume of liquid to flow through the capillary in the vertically aligned 
viscometer. The solvent flow time is measured followed by the macromolecule 
solution at a series of concentration typically 0.2 ± 1.0 mg mL-1 for 
polysaccharides (Harding, 1997). Dilution can sometimes be made directly in 
the viscometry taking advantage of a modified form called an Ubbelohde 
viscometer which the amount of liquid at the time of flow measurement is 
independent from the amount of solution in viscometry. This type of 
Chapter 2 METHODS FOR CHARACTERISING THE BIOPHYSICAL PROPERTIES OF MACROMOLECULES IN SOLUTION 
 
60 
 
measurement however, should not be used if the molecule degrades or 
denatures during the measurement (Harding, 1997). 
 
Figure 2.9: Schematic of the Ostwald capillary viscometer, which the flow of a 
solution is measured between A and B. Adapted from Harding (1997). 
 
The relative viscosity is the ratio of the viscosity of solution containing 
macromolecule to that of pure solvent. It can be given simply under the 
appropriate experimental conditions by the following equation: 
 ߟ௥௘௟ ൌ  ቀݐ ݐ଴ൗ ቁ                                                                                             (2.27) 
where the ݐ and  ݐ଴ are the flow times for the macromolecule solution and 
solvent respectively at specific concentration. An adjustment for solution and 
solvent density is also required, but in the case of polysaccharides this 
correction is usually negligible at the low concentration used. The relative 
viscosity depends on the macromolecule concentration, shape and the volume 
it occupies (van Holde, 1985; Harding, 1997).  
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For estimation of the effect of shape and volume of macromolecule from the 
viscosity measurement, the concentration contribution should be eliminated. To 
do this firstly the reduced viscosity ߟ௥௘ௗ and inherent viscosity ߟ௜௡௛ have to be 
defined (Harding, 1997).  
ߟ௥௘ௗ ൌ  ሺߟ௥௘௟ െ  ? ܿ ? ሻ                                                                                   (2.28) ߟ௜௡௛ ൌ  ሺ ߟ௥௘௟ ܿ ? ሻ                                                                                      (2.29) 
Due to the effects of non-ideality ± derived from exclusion volume, backflow 
and charge effects ± and associative phenomena, the reduced and inherent 
viscosities depend in a further way on concentration. Therefore, they are 
conventionally measured at a series of concentration and extrapolated back to 
zero concentration. In addition, the intrinsic viscosity (mL g-1) is defined as the 
method of extrapolated reduced and inherent viscosities to zero concentration 
(van Holde, 1985; Harding, 1997). Extrapolating the reduced and inherent 
viscosities can be applied using two main forms namely Huggins form 
(Huggins, 1942) and Kraemer form (Kraemer, 1938), respectively according to 
the following equations: ሺሺߟ௥௘௟ െ  ?ሻ ܿ ? ሻൌ  ሾߟሿሺ ? ൅ ܭுሾߟሿܿሻ                                                           (2.30) ሺ ߟ௥௘௟ ܿ ? ሻൌ  ሾߟሿሺ ? െ ܭ௄ሾߟሿܿሻ                                                                 (2.31) 
In these equations ܭு and ܭ௄ are the coefficients of Huggins and Kraemer, 
respectively. Furthermore, the Solomon-Ciuta equation is another useful 
relation that can be used for obtaining the intrinsic viscosity at one 
concentration, which is a combination of the Huggins and Kraemer equations 
(see, e.g. Harding, 1997; Harding, 2012; Morris et al., 2014).  
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ሾߟሿ ?ሺ ? ܿ ? ሻ  ? ሾ ?ሺߟ௥௘௟ െ  ?ሻ െ  ?ሺߟ௥௘௟ሻሿଵ ଶൗ                                                (2.32) 
In this study, the various procedures have been applied at different 
concentration then extrapolated to zero concentration to obtain the intrinsic 
viscosity.   
 
2.4.2 Pressure Imbalance Differential Viscometry 
 
This method measures the relative viscosity based on the difference in pressure 
± pressure drop instead of flow time ± between solution and solvent flow 
through metal capillaries and can be fitted on-line to SEC-MALS. It provides 
an alternative to classical Ostwald viscometry and is particularly useful for the 
heterogeneous system since SEC can supply separation of these before entry 
into the viscometer. This utilises the fluid analogue of a Wheatstone bridge 
electrical circuit for estimation the relative viscosity of solution flowing 
relative to solvent flowing (Figure 2.10).  
The principle of the differential pressure measurement is described as follows. 
Initially during the baseline conditions solvent flows in all four capillaries (R1, 
R2, R3 and R4) and the pressure across the bridge is zero. As the sample 
solution enters the delay volume from the SEC column, the configuration is 
such that solution flows through R1, R2 and R3 whilst solvent from a reservoir 
is still flowing through R4. Thus the pressure imbalance or difference 
measurement is dependent on the different viscosity between the solvent flow 
in R4 and solution flow in R3 (see, e.g. Harding, 1997).  
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Accordingly to a combination of pressure imbalance  ?  ܲ and the device inlet 
pressure ܫܲ, the specific viscosity ߟ௦௣ of the solution can be determined by the 
following equation:  
ߟ௦௣ ൌ  ߟ ሺߟ଴ െ  ?ሻ ? ൌ   ?ȟܲ ሺܫܲ െ  ?ȟ ሻܲ ?                                                   (2.33) 
where ߟ and ߟ଴ are the solution and the solvent viscosities. Knowledge of 
determination both ߟ௦௣ and c utilizing the differential viscometer and 
refractometer ± coupled on-line to the SEC-MALS ± respectively allows 
estimating the intrinsic viscosity of solution ሾߟሿ from equation (2.32). 
Therefore, as the pressure transducer is very sensitive, sufficiently low 
concentration can be applied so that ߟ௥௘ௗ ?ሾߟሿ, and no extrapolation to zero 
concentration is required (Harding, 1997, 2012).  
 
Figure 2.10: Schematic diagram of four capillary bridge design of pressure 
imbalance viscometer. Adapted from Harding (1997).  
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2.5 MICRO-DIFFERENTIAL SCANNING 
CALORIMETRY (micro-DSC)  
 
Calorimetry is a method used to establish the relationship between the change 
of temperature and physical properties of macromolecules. One of the 
important advantages of calorimetry is measuring the intrinsic thermal 
properties without requirement for chemical modification or extrinsic probes. 
Therefore, the change of temperature is measured according to time, and has 
been frequently applied in chemistry, biology, biochemistry, biotechnology and 
pharmaceutical sciences (Privalov and Potekhin, 1986; Höhne et al., 2003). 
7KHPHDVXUHPHQWRI³FDORULF´KDVEHHQNQRZQVLQFHLQWKHPLGGOHRIWKH18th 
century, several types of calorimeters were introduced; amongst these various 
types the differential scanning calorimeter (DSC) has become a popular and 
widely used, which is developed for more flexible application (Höhne et al., 
2003).   
DSC is a technique able to assess thermally induced transition, which occurs in 
a sample at different temperatures (increase or decrease) versus time. It is 
commonly carried out for biological macromolecules to observe the variation 
of phase transitions, and in particular conformation transitions (Gill et al., 
2010).  
The general principle of a DSC experiment is as follows: both solution and 
solvent cells are heated at constant rate along with increased temperature over 
time. The difference in the heat energy absorbed by the solution and solvent 
cells required to keep temperature equal is recorded. In regards of equal 
temperature, more energy is needed for the solution compared to solvent due to 
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the presence of the molecule of interest. That is corresponding to the different 
in changes of heat capacity, which provides information about the thermally 
induced transitions for the solution (Cooper et al., 2000; Gill et al., 2010; 
Bruylants et al., 2005).  Therefore, the results of the position, sharpness and 
shape of transitions scan are affected by changes in the conformation, since the 
structure state of the macromolecules are sensitive to the thermal properties 
yielded from DSC experiments (Gill et al., 2010).  
DSC can be distinguished based on the mechanism of operation into two types: 
heat-flux DSC and power-compensated DSC. The pans of solution and solvent 
materials are placed into a thermoelectric disk surrounded by a furnace in the 
case of heat-flux DSC. At linear heating rate the furnace is heated, and a 
thermoelectric disk used to transfer the heat to the solution and solvent pans. 
The difference of the temperature between solution and solvent is measured 
WKURXJK DUHD WKHUPRFRXSOHV ZKHUH WKH WKHUPDO HTXLYDOHQW RI 2KP¶V ODZ LV
applied to determine the heat flow (Danley, 2002): 
ݍ ൌ   ?ܶ ܴ ?                                                                                                    (2.34) 
where, ݍ is solution heat flow,  ?  ܶdifference of the temperature (solution and 
solvent), whereas ܴ is resistance of thermoelectric disk. However, in the 
second type a power ± compensated DSC separate furnace were used for both 
solution and solvent pans. The difference in thermal power demanded to 
maintains the same temperature for both solution and solvent, is estimated and 
plotted as function of temperature or time (Zucca et al., 2004). 
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2.6 COMBINED HYDRODYNAMIC APPROACHES 
 
The differences observed for the hydrodynamic properties of large molecular 
weight macromolecules (such as polysaccharides and mucin) in solution are 
not only due to their large size, but also their greater non-ideality (through 
molecular co-exclusion and charge effects), and massive variety of shapes 
along with flexibilities (Tombs and Harding, 1998; Harding,2005). Thus, 
hydrodynamic techniques have been applied to ascertain the distribution of 
molecular weight, overall conformation, flexibility and quaternary interaction. 
In the case of a more detailed picture of conformation many methods have 
been utilized based on the combination of two or more biophysical properties 
namely, sedimentation coefficient, molecular weight and intrinsic viscosity 
(Morris et al., 2014).  Some of the most applicable procedures relevant to 
macromolecules will be described briefly in the following paragraphs. 
 
2.6.1 Wales-van Holde Ratio (R) 
 
One of the simplest indicators assessing the macromolecular conformation 
flexibility is the Wales and van Holde ratio. It is dependent on the 
sedimentation concentration dependence coefficient, ݇௦ and the intrinsic 
viscosityሾߟሿ.  
ܴ ൌ  ݇௦ ሾߟሿ ?                                                                                                   (2.35) 
The limits are  ?1.6 for a compact sphere or a (non-draining) random coil 
(Creeth and Knight, 1965), and  ? 0.15 for the rod structure. This method can 
be affected by self-association and intermolecular electrostatic repulsive 
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faeces, but we assume these are negligible as there is little or no self-
association at low concentrations and polyelectrolyte suppression using a salt 
solution of appropriate ionic strength (see, e.g. Tombs and Harding, 1998).  
 
2.6.2 Mark-Houwink-Kuhn-Sakurada (MHKS) or Power Law 
Relations 
 
The knowledge of the hydrodynamic parameters ± intrinsic viscosity or 
sedimentation coefficient ± of a macromolecule in solution is contributed by its 
molecular weight and conformation. Thus, the molecular conformation can be 
obtained through the molecular weights dependency of a number of 
hydrodynamic parameters such as intrinsic viscosityሾߟሿ, sedimentation 
coefficient൫ݏଶ଴ǡ௪௢ ൯, root-mean-square radius൫ܴ௚൯, and translational diffusion 
coefficient൫ܦଶ଴ǡ௪௢ ൯. These relations are achieved by following equation ± for 
those only used in this study ± for example viscosity (see, e.g. Harding et al., 
1991; Harding, 2005; Morris et al, 2014):   
ሾߟሿ ൌ  ܭఎܯ௔                                                                                                (2.36) 
and by plotting the double log of ሾߟሿ versus ܯ௪, (Figure 2.11) from the 
intercept and the slope the ܭఎ and ܽ are obtained, respectively. The gross 
macromolecular conformation can be estimated by the exponent ܽ value, which 
value is related to the conformation and stiffness. Value of a  ? 0 is seen for 
macromolecule adopting the compact sphere or highly branched conformation, 
whereas the range of a values from 0.5-0.8 correspond to a random coil 
molecule, and ܽ values approaching 1.8 and beyond are seen for molecule with 
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more chain stiffness (e.g. with rigid rod conformation) (see, e.g. Harding et al., 
1991; Tombs and Harding, 1998).  
 
Figure 2.11: Example of a Mark±Houwink±Kuhn±Sakurada (MHKS) power 
law double logarithmic plot for chitosan CHIT1 (see Chapter 5) from an on-
line differential pressure viscometer ViscoStar coupled to SEC-MALS. The 
SORW LV RI LQWULQVLF YLVFRVLW\ >Ș@ DV D IXQFWLRQ RI HOXWLRQ YROXPH RUGLQDWH
versus molecular weight Mw as a function of elution volume. 
 
A second power law relation combines the sedimentation coefficient and the 
molecular weight as shown in equation 2.37.  
ݏଶ଴ǡ௪௢ ൌ  ܭ௦ܯ௕                                                                                             (2.37) 
where both ܭ௦ and ܾ parameters are yielded from the intercept and slope of 
plotting the double log of ݏଶ଴ǡ௪௢  versus ܯ௪ (Figure 2.12). This is analogous to 
the relation of intrinsic viscosity with molecular weight, but the b values of  ? 
0.67 has been established for compact sphere or highly branched 
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macromolecules, 0.4-0.5 for random coils, and  ? 0.15 for rigid rods (see, e.g. 
Harding et al., 1991; Tombs and Harding, 1998).  
 
Figure 2.12: Example of Mark±Houwink±Kuhn±Sakurada (MHKS) power law 
double logarithmic plot of  so20,w vs Mw  for chitosan samples (see Chapter 5). 
 
2.6.3 Conformation Zoning 
 
In terms of gross conformation, an extension of the Haug triangle 
representation of the conformation of macromolecules (in particular 
polysaccharides) was given by Pavlov and colleagues (1997 and 1999), 
suggesting the use of five conformation types or zones ranging from Zone A 
(extra rigid rod) to Zone E (globular or branched) (Figure 2.13). Thus, the 
conformation of macromoleculer can be estimated in a semi-empirically 
manner utilising the conformation zoning approach, in which all zones are 
tailored around sedimentation measurement (Harding, 2005). Based on the 
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knowledge of the intrinsic sedimentation coefficient, ሾݏሿ along with the 
concentration dependence of the sedimentation coefficient, ݇௦ and mass per 
unit length, ܯ௅, a plot of ݇௦ܯ௅ versus ሾݏሿ ܯ௅ ?  is used to estimate the overall 
conformation of the macromolecule. The ሾݏሿ parameter can be obtained 
through the following equation: 
ሾݏሿ ൌ  ൛ݏ଴ߟ଴ ൫ ? െ ᛓ݌ ?൯ൗ ൟ                                                                            (2.38) 
where ߟ଴ and ߩ଴ are the viscosity and the density of the solvent, respectively 
and ૣ the partial specific volume of the macromolecular. Therefore, another 
relation was described for representing the conformation of macromolecular in 
solution utilising the information of molecular weight ܯ௪, intrinsic viscosity, ሾߟሿand mas per unit length, ܯ௅ (Pavlov et al., 1999).  
 
Figure 2.13: The sedimentation conformation zoning plot, which helps to 
define zones: A: extra rigid rod, B: rigid rod, C: semi-flexible coil, D: random 
coil, E: globular/heavily branched structure. Adapted from Pavlov et al., 
(1997). 
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2.6.4 Estimation of the Persistence Length (Lp) and Mass Per 
Unit Length (ML) 
 
Both persistence length (Lp) and mass per unit length (ML) are terms 
quantitatively used to describe the linear flexibility of polymer chains. The Lp 
is analogous worm-like chains, and is defined as the average projection length 
along the initial direction of the polymer chain, whereas ML is the mass of the 
molecules divided by its length (see, e.g. Tombs and Harding, 1998). In theory, 
Lp has limitation for strict random coil (where Lp = 0) and for the stiff rods 
(where Lp =  ?).  However, for practical consideration the limitations often 
quoted is Lp  ? 1-2 nm for random coils (e. g. pullulan) and Lp  ? 200 nm for a 
stiff rod (e.g. schizophyllan) (see, e. g. Tombs and Harding, 1998; Morris et al., 
2014). Nevertheless, a number of methods have been applied to estimate the 
linear flexibility of polymer chains. The choice of appropriate models provide 
an optimum measurement for the polymer flexibility, which is influenced by 
excluded volume effects (Kök et al., 2009).  
 
2.6.4.1 Bushin-Bohdanecky Method 
 
For a semi-flexible polymer, the Bushin-Bohdanecky method is most 
commonly used for estimating the persistence length of chains, and has been 
applied for a wide range of macromolecules (e.g. polysaccharides and 
glycoconjugate vaccines). Based on the knowledge of intrinsic viscosity and 
molecular weight values, the relationship of ሺܯ௪ଶ ሾߟሿ ? ሻଵ ଷ ? ݒݏܯ௪ଵ ଶ ?  can be 
plotted, and the Lp calculated from the slope, if the ML is provided, via the 
following equation (Bohdanecky, 1983; Bushin et al., 1981): 
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 ቀெೢమሾఎሿ ቁଵȀଷ ൌ ܣ଴ܯ௅߶ିଵȀଷ ൅ ܤ௢߶ିଵȀଷ ቀଶ௅೛ெಽ ቁିଵ ଶ ?  ܯ௪ଵȀଶ                         (2.39) 
where ߶ is the Flory-Fox constant (2.86 x 1023 mol-1) whiles,  ܣ଴ and ܤ௢ are 
tabulated coefficients (Bushin et al., 1981). Similarly, ML can be obtained from 
the same plot if the Lp is known.  
 
2.6.4.2 Yamakawa-Fujii Method 
 
Another approach for estimating the persistence length of polymer chains is the 
Yamakawa-Fujii method, which utilizes the information of sedimentation 
coefficient and molecular weight. Plotting  ݏଶ଴ǡ௪௢ ݒݏሺܯ௪ሻଵ ଶ ?   led us to obtain 
the Lp and ML from the slope, with prior knowledge of either Lp or ML. 
Although the original equation by Yamakawa and Fujii (1973) was misprinted, 
the corrected relation was provided by Freire and Garcia de la Torre (1992): 
ݏ௢ ൌ  ெಽሺଵିᛓఘ೚ሻଷగఎబேಲ ݔ ൤ ?Ǥ ? ? ?ቀ ெೢଶெಽ௅ುቁଵ ଶ ? ൅ ܣଶ ൅ ܣଷ ቀ ெೢଶெಽ௅ುቁିଵ ଶ ? ൅ ڮ ൨  (2.40) 
where ܣଶ= -ln (d/2Lp) and ܣଷ= 0.1382 if the Lp is much higher than the chain 
diameter, d (Yamakawa and Fujii, 1973).   
Although the Bushin-Bohdanecky and the Yamakawa-Fujii methods present us 
with a practical way of measuring these otherwise elusive parameters, 
nevertheless, they both have a limitation, since information about either Lp or 
ML is required for obtaining the other parameter. As a result, both relations 
have been combined into a new algorithm to facilitate the calculation of both 
parameters through a global fitting of precisely determined experimental 
quantities/parameters such as sedimentation coefficient, intrinsic viscosity and 
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molecular weight data of the polymer (Ortega and Garcia de la Torre, 2007) ± 
(see section 2.6.4.3).  
 
2.6.4.3 Global Approach Method (HYDFIT) 
 
Both Lp and ML can be estimated using a global approach namely (Multi-
HYDFIT algorithm) based on the minimisation of a target function ('), which 
considers data set of sedimentation coefficient and intrinsic viscosity for 
different molecular weights (see, e.g. Ortega and Garcia de la Torre, 2007). In 
order to find the best values of ML and Lp and the chain diameter d, the method 
performs a minimization procedure for a target function utilizing the equations 
of Bushin-Bohdanecky (2.39) and Yamakawa and Fujii (2.40). It has been 
confirmed by extensive simulation of the values returned for ML and Lp are 
insensitive to ݀ value, due to that is usually fixed (Ortega and Garcia de la 
Torre, 2007), and also can be calculated through following equation:    
݀ ൌ  ሺ ?ܯ௅ᛓ ߨ ஺ܰ ? ሻଵ ଶൗ                                                                                    (2.41) 
where ૣ is partial specific volume, and ஺ܰ Avogadro constant.  
In principal Multi-HYDFIT utilized the Monte Carlo simulation in terms of the 
rigid-body treatment for flexible structures to calculate the structural 
parameters (Lp, ML and d) of a wormlike macromolecule. In this procedure, the 
properties such as radius of gyration, Rg, sedimentation coefficient, s, 
translational diffusion, Dt and intrinsic viscosity, [K@ are initially evaluated for 
individual conformations using rigid-body hydrodynamic calculation in 
particular bead models of wormlike chain. The procedure repeated to estimate 
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different conformations, and then the average conformation obtained as rigid 
particles (Amoros, Ortega and Garcia de la Torre 2011). Therefore, these 
properties are transformed into equivalent radii, ܽ௒ (ܽீ ǡ ்ܽ ǡ ܽூ) which are 
considered function of molecular weight. The equivalent radii, ܽ௒ is defined as 
the radius of an equivalent sphere having the same value as the determined 
property (see, e.g. Ortega and Garcia de la Torre, 2007). The equivalent radii 
for the properties (Rg, s, Dt and [K@)are calculated using following equations: 
ܽீ ൌ  ටହଷܴ௚                                                                                                (2.42) 
்ܽ ൌ  ௞ಳ்଺గఎబ஽೟                                                                                                (2.43) 
ܽூ ൌ  ቀ ଷெሾఎሿଵ଴గேಲቁ                                                                                               (2.44) 
where ߟ଴, is the solvent viscosity, M is the molecular weight, T is the absolute 
temperature, and kB and NA are the Boltzmann and Avogadro constants.  
However,  ܽ௒ (ܽீ ǡ ்ܽ ǡ ܽூ) can be expressed as (Lp,ML, and d) in the case of the 
wormlike chain. Then the minimization of the target function can be evaluated 
by optimizing the parameters from the following relation. 
ȟଶሺܮ௉ǡ ܯ௅ ǡ ݀ሻ ൌ  ଵேೞ   ? ቈሺ ? ௒ܹ௒ ሻିଵ   ? ௒ܹ௒ ൬௔ೊሺ೎ೌ೗ሻି௔ೊሺ೐ೣ೛ሻ௔ೊሺ೐ೣ೛ሻ ൰ଶ቉ேೞ௜ୀଵ              (2.45) 
where ௦ܰ is the number of samples in multi-sample analysis, ௒ܹ is the 
statistical weight for equivalent radii, ܽ௒  and the subscripts cal and exp 
represent values from calculated and experimental values respectively. In the 
following studies we mainly focus on the equivalent radii resulting from the 
sedimentation coefficient, (்ܽ ) and from the intrinsic viscosity (ܽூ). 
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Figure 2.14: Contour plots of the mucin Nov13. The target function, ǻ 
calculated based on variables values of Lp and ML, and are represented on the 
full colour spectrum from blue (ǻ = 0.005) to red (ǻ൒0.65) (see Chapter 7). 
 
The variable parameters floats in order to find a minimum of the multi-sample 
target function, ߂ for Lp and ML. Consequently, dimensionless estimate of the 
target function is calculated through the agreement between the theoretical 
calculated values ± of sedimentation coefficient and intrinsic viscosity for a 
particular molecular weight, persistence length and mass per unit length ± and 
the experimentally measured parameters (see, e.g. Ortega and Garcia de la 
Torre, 2007; Morris et al., 2008). Over the range of values for ML and Lp target 
function are calculated, the final data is represented as contour plots, a full 
colour spectrum ranging from blue to red, where Lp (cm) in the x-axis and ML 
(Da cm-1) in the y-axis (Figure 2.14). 
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CHAPTER 3 
 
MOLECULAR CONFORMATION STUDY OF 
LAMBDA CARRAGEENAN IN AQUEOUS 
SOLUTION 
 
We now consider the first of the marine polysaccharide namely lambda 
carrageenan. The study examined the molecular conformation of lambda 
carrageenan in aqueous solution. The microwave irradiation (sealed vessel 
microwave bomb) method was used in order to achieve the true molecular 
solubility and prevent formation of any aggregates or superstructure of 
polysaccharides. This method appears to break the main chain of the 
polysaccharide and increase the macromolecular solubility. Thus, this 
methodology was applied for two different lambda carrageenan samples, to 
generate more preparations for this study. Then preparations were assessed to 
obtain various hydrodynamic parameters by a combination of analytical 
ultracentrifugation, size-exclusion chromatography, light scattering and 
capillary viscometry, to estimate their heterogeneity and conformation in 
aqueous solvent.  
 
3.1 INTRODUCTION 
 
Carrageenans are a family of linear polysaccharides repeating galactose units 
with different sulphate groups and anhydro-bridges. These sulphated 
polysaccharides are combined alternately by D-(1,3) and E-(1,4) glycosidic 
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ERQGV ,PHVRQ  &DUUDJHHQDQV DUH IRXQG LQ ³UHG´ VHDZHHGV
(Rhodophyceaea) and the most important members of the family are kappa (N), 
lambda (O), and iota (L). Chondrus crispus is the main source of kappa and 
lambda and iota and kappa are extracted from Eucheuma spinosum and cottonii 
(see, for example, Campo, Kawano, Silva and Carvalho, 2009). The diversity 
of the chemical structures of the carrageenan types are due to the different 3,6-
anhydrogalactose and ester sulphate group content. Variation in structure gives 
unique characteristics for each type, including gel strength, viscosity, 
temperature stability, synergism and solubility. For example, the high number 
of sulphate groups causes the carrageenan molecule to be more water soluble, 
whereas anhydro-bridges produce a hydrophobic behaviour (Tombs and 
Harding, 1998; Hoefler, 2001).   
Lambda carrageenan is the most soluble with three sulphate groups per 
disaccharide repeat and as it contains no 3,6 anhydrogalactose residues it 
cannot form gels (Figure 3.1). The high viscosities of its solutions and inability 
to form gels have made lambda carrageenan a popular thickening agent 
(Therkelsen, 1995; Bonferoni et al., 1994). The difference in rheological 
behaviour (in particular forming thermoreversible gels) between lambda 
carrageenan and both (kappa and iota) is due to the absence of an anhydro-
bridge. The 3,6-anhydro  is a prerequisite for ring inversion to occur  with 4C1 
conformation forming a 1C4  chair which is required to make a gel. Failure of 
the lambda carrageenan to invert into a 4C1 chair prevents gelation. In addition, 
the degree of sulphation has a further inhibitory effect on gelation of lambda 
carrageenan (Coultae, 2009; van De Velde et al., 2002). Nevertheless, it has 
recently been shown that lambda carrageenan gelation is possible induced by 
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trivalent iron ions, which has extended its priority beyond a viscosity 
enhancing agent (Running et al., 2012).    
 
 
Figure 3.1: Lambda carrageenan repeat unit. Adapted from Perez et al., 
(1996). 
 
The ester sulphate groups have made carrageenans a highly negatively charged 
molecule, allowing it to interact with other positively charged macromolecules 
(proteins or polysaccharides). Earlier studies have been carried out on protein 
carrageenan interactions, showing that, as result of the interaction aggregation 
of sulphated polysaccharides with proteins are protected from losing solubility 
(Langendorff et al., 1999; Weinbreck et al., 2004). In particular, interaction 
was observed for the mixture of lambda carrageenan, rather than kappa or iota, 
with gluten proteins; a mixture used in dough ingredients to improve bread 
volume (León et al., 2000). Moreover, a study by Langendorff and his co-
workers (2000) confirmed attractive interactions occurred between the most 
highly charged form lambda carrageenan and casein micelles under different 
conditions of temperature. However, interactions with other polysaccharides 
have been observed between lambda carrageenan and chitosan at a weight ratio 
of 3:1 respectively, and the complex showed interesting properties use for 
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drugs release (Hugerth et al., 1997; Shumilian and Shchipunov, 2002). It has 
also been found that the complex physicochemical properties (such as 
mechanical stabilities and swelling behaviours) have been affected by several 
factors, in particular weight ratio and salt concentrations (Tapia et al., 2004). 
Furthermore, enhancing the knowledge of carrageenans and their 
polyelectrolyte complexes properties ± strong negative charge, gelling and 
viscosity ± enables the improvement of their utilization in food, pharmaceutical 
and healthcare industries (see, for example, Li et al., 2014). 
Lambda carrageenan has long been used as a thickening agent and for its water 
binding effectively in foods and biopharmaceutical products: the higher 
capacity of binding water make it more hydrated at room temperature and the 
highest sulphate content seems to reduce the tendency for self-interactions 
(Imeson, 2009). Mostly, lambda carrageenan has been used to stabilise food 
products such as milk, ice cream, coffee-whitener, milk shake, chocolate milk, 
and fruit drink (Therkelsen, 1995; Tombs and Harding, 1998). One of its most 
exciting uses in pharmaceuticals is controlled release of drugs, especially at the 
earlier stage of the release process (Bonferoni et al., 1994). Lambda 
carrageenan has also shown potent immunogenic activity against HIV and 
some tumours (Nakashima et al., 1987; Zhou et al., 2004). Thus, critical to 
understanding the functional properties of this molecule is an understanding of 
its fundamental properties of homogeneity, molecular weight, conformation 
and flexibility.   
Progress has been made in earlier studies on the properties of these molecules ± 
for example Slootmaekers et al (1991a,b) have considered the sedimentation, 
viscosity and light scattering behaviour of a lambda carrageenan of M~ 610000 
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g. mol-1 and Berth et al (2008) have considered the use of light scattering, 
viscosity and multi-angle laser light scattering coupled to size exclusion 
chromatography of a larger lambda carrageenan (M~ 920,000 g.mol-1). We 
take advantage of recent advances in analytical ultracentrifugation in particular 
improvements in the extraction of the sedimentation coefficient to deal with the 
problem of the high concentration dependence through non-ideality. Two 
samples of lambda carrageenan with different molecular weight were irradiated 
for varying times using microwave heating in a high pressure vessel to estimate 
their hydrodynamic parameters (e. g. molecular weight, sedimentation 
coefficient, and intrinsic viscosity) and conformational behaviour in aqueous 
solution.  
  
3.2 MATERIALS 
 
Two lambda carrageenan samples GM-O690 and TF-O730 were kindly 
provided by Glycomix Ltd (Reading, United Kingdom) and CPKelco, (Lille 
Skensved, Denmark), respectively. Both samples were used as supplied 
without any further purification and assumed to be of similar composition. A 
stock solution of 3.0 mg mL-1 for both GM-O690 and TF-O730 were made up 
in deionised distilled water then dialysed into phosphate-chloride buffer 
solution supplemented with NaCl to an ionic strength 0.1M and pH 7.0 (Green, 
1933). The concentration was measured (after dialysis) using an Atago 
(Fairfax, Canada) DD-5 refractometer calibrated with glucose standards. The 
solutions of native lambda carrageenan GM-O690 and TF-O730 were then 
exposed to microwave (see, e.g. Wood et al, 2002) heating in an 800 W 
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microwave oven (Panasonic UK Ltd. Bracknell, UK) using a high pressure 
vessel for different time periods that facilitated producing different molar 
masses. 7KH WHPSHUDWXUHDQGSUHVVXUHZLWKLQ WKH³ERPE´ZHUHQRWPHDVXUHG
Heating for 15 seconds generated GM-O850 and TF-O870 and heating for 30 
seconds produced GM-O460 and TF-O340. Heating for longer periods (more 
than 30 second) led to discoloration of the samples. 
 
3.3 METHODS 
 
3.3.1 Sedimentation Velocity (SV) 
 
Sedimentation velocity in the analytical ultracentrifuge was used to probe the 
heterogeneity of solutions as well as to measure the sedimentation coefficient 
+DUGLQJD3RO\VDFFKDULGHVDPSOHV aȝODIWHUVHULDOGLOXWLRQ
E\ GLDO\VDWH DQG WKH SKRVSKDWH EXIIHU GLDO\VDWH ȝO DW S+  DQG LRQLF
strength (0.1M) were injected into sample and reference channels, respectively 
of a double sector 12.0 mm optical path length epoxy cells with sapphire 
windows. The Rayleigh interference optical system was used for recording 
concentration profiles and the movement of the sedimentation boundary in the 
analytical ultracentrifuge cell (see, e.g. Harding, 2005b). An initial low rotor 
speed of 3000 rpm was accelerated to a rotor speed of 40,000 rpm after time 
was allowed for vacuum formation ( 50 microns) and for temperature 
equilibration (i.e. 20.0 oC). Scans were taken at 2 min intervals for a run time 
of ~ 24 hours. The standard conditions of density and viscosity of water at 20.0 
oC were used for adjustment of the sedimentation coefficients s to s20,w values 
(Schachman, 1959). The data was analysed using the SEDFIT procedure (Dam 
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and Schuck, 2004) which solves the Lamm equation describing the change of 
concentration distribution with radial position with time in terms of a 
distribution of sedimentation coefficients, g*(s) vs s, where the (*) indicates 
that the distribution of sedimentation coefficients has not been corrected for 
diffusion effects (see, e.g. Harding, 2005b). The (differential) distribution of 
sedimentation coefficients g*(s) can be defined as population ± weight fraction 
± of species with a sedimentation coefficient between s +  ds (Dam and Schuck, 
2004; Harding, 2005a). The sedimentation coefficient expressed in terms of the 
standard conditions of the viscosity and density of water at 20.0 oC, s20,w. To 
eliminate the effects of non-ideality (co-exclusion and any residual 
polyelectrolyte effects) a plot of the reciprocal of the sedimentation coefficient 
(1/s20,w) against concentration, c (g mL-1) was made and from the intercept at 
infinite dilution c=0, the value free of these effects was found: so20,w (units 
seconds, s, or Svedbergs, S, where 1S = 10-13V7KHIROORZLQJUHODWLRQ*UDOpQ
1944) was used for the extrapolations: 
(1/s20,w) = (1/s°20,w).(1+ks.c)                                                                          (3.1) 
where ks LVWKH³*UDOHQ´FRHIILFLHQWXQLW± mL g-1).  Analysis of the change in 
sedimentation coefficient distributions was used to ascertain the presence of an 
interaction. 
 
3.3.2 Sedimentation Equilibrium (SE) 
 
Samples were prepared at concentration of 0.3 mg mL-1, after dialysis for 24 
hours at the ambient temperature in phosphate-chloride buffer solution 
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supplemented with NaCl (PBS) at ionic strength (0.1M). Sedimentation 
equilibrium experiments were performed using the Beckman (Palo Alto, 
California, U.S.A.) Optima XL-I analytical ultracentrifuge equipped with 
Rayleigh interference optics and an automatic on-line data capture system. The 
modified long (20.0 mm) optical path length double-sector cells with sapphire 
windows were loaded with (~ 80 Pl) of dialysed sample and a matching 
amount of reference buffer (dialysate) in appropriate channels. The balanced 
cells were then loaded into an analytical 8-hole titanium rotor An50-Ti and 
placed in the analytical ultracentrifugation. After time was allowed for vacuum 
IRUPDWLRQPLFURQVDQGIRUWHPSHUDWXUHHTXLOLEUDWLRQ0.0 oC), the rotor 
was then accelerated to 4000 rpm; rotor speeds were selected to be sufficiently 
apart to give a good solute distribution (Scott and Schuck, 2005). Using the 
Rayleigh interference optical system, scans were taken every one hour and 
equilibrium was reached after approximately 72 hours. A record of the relative 
concentration distribution of the solute at equilibrium was analysed to give the 
weight average apparent molecular weight Mw,app using the SEDFIT-MSTAR 
algorithm implemented by Schuck and co-workers. (Schuck et al., 2014) based 
on the algorithm of Cölfen and Harding (Cölfen and Harding, 1997) and the 
M* function of Creeth and Harding (1982). Using the long path length cells 
(20.0 mm) allowed us to worke at low loading concentration, which is still 
yielded a sufficient signal. Thus, non-ideality effects will be small and hence 
the apparent weight average molecular weight will be approximately equal to 
the true weight average molecular weight Mw at such concentration (Harding, 
2005b). A partial specific volume value of 0.53 mL g-1 was used for the 
analyses for all lambda carrageenan samples.  
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3.3.3 Size Exclusion Chromatography Coupled to Multi Angle 
Light Scattering (SEC-MALS) 
 
The macromolecular characteristics and integrity of the lambda carrageenan 
samples were also determined in terms of polydispersity and molecular weight 
using SEC-MALS (Wyatt, 1992, 2013); a technique which has been 
successfully applied to polysaccharide characterisation since Horton et al., 
(1991). It contains an X-Act 4 channel degassing unit (Jour Research, Sweden), 
Jasco intelligent HPLCPump-PU-1580 (E) (Jasco, Tokyo, Japan), fitted with a 
Spark-Holland Marathon Basic autosampler (Spark Holland, Emmen, The 
Netherlands) combined with a guard column and TSK-G6000PW and 
G4000PW columns connected in series (Tosoh Bioscience, Tokyo, Japan), and 
a columns temperature regulator (Anachem, Luton, U.K.). DAWN®HELEOS-
TMII, an 18-angle light scattering detector was used (for light scattering 
intensity) for the measurement of absolute molecular weight, size and 
conformation of macromolecules in solution (Wyatt Technology Corporation, 
California, U.S.A.). A ViscoStarTM viscometer online differential viscometer 
was used to measure the intrinsic viscosity (Technology Corporation, 
California, U.S.A.). Also an Optilab® rEX refractive index detector in series is 
used to measure the concentration (Wyatt Technology Corporation, California, 
U.S.A.). Solutions of lambda carrageenan samples prepared at a concentration 
of 0.5 mg mL-1 were fiOWHUHG WKURXJK D  ȝP V\ULQJH ILOWHU :KDWPDQ
Maidstone, England) - to remove any insoluble material or dust prior to being 
injected into the auto-sampler. The phosphate-chloride buffer (pH=7 and I=0.1) 
was pumped at a flow rate 0.8 mL min-1 through the column system. At 
ambient temperature each solution  ȝO) was injected into the columns. 
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ASTRATM (Version 5.1.9.1) software (Wyatt Technology, Santa Barbara, 
U.S.A.) was used for collection and analysis using all 18 MALS angles along 
with the concentration data from the on-line differential refractometer. A linear 
ILWWRWKH³'HE\H´SORWRIKc/RT vs sin2(T/2), where the terms have their usual 
meaning (see, for example Wyatt 2013) was used for calculating the absolute 
weight average molecular weight (Mw) using the following values for the 
refractive index increment: lambda carrageenan dn/dc = 0.116 mL g-1 
(Slootmaekers et al., 1991b).  Because of the low concentrations after dilution 
on the columns no correction for non-ideality was assumed necessary. 
 
3.3.4 Capillary and Differential Pressure Viscometry 
 
The relative viscosities Krel of lambda carrageenan native and heated samples in 
ranging concentration (c) from 0.1 ± 1.0 mg mL-1 were measured from the ratio 
of flow times of solution to solvent using a 2 mL Ostwald viscometer. The U-
tube viscometry was suspended in an accurate temperature regulated water 
bath. The temperature was kept constant at (20.00 ± 0.01) °C throughout by 
using a coolant system. Because of the low concentrations no correction for 
solution density was necessary (Harding, 1997). The reduced (Kred= (Krel-1)/c) 
and inherent (Kinh = (lnKrel)/c) viscosities were extrapolated to infinite dilution 
to eliminate non-ideality effects using both the (Huggins, 1942) and (Kraemer, 
1938) approaches: 
Kred = [K] (1+KH [K] c)                                                                                   (3.2) 
Kinh = [K] (1- KK [K] c)                                                                                   (3.3) 
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where the intrinsic viscosity [K] is taken as the mean of intercepts from Eqs. 
(3.2) and (3.3) and KH and KK are the Huggins and Kraemer constants, 
respectively. To avoid possible ambiguities through transition from the dilute 
to the semi-dilute region [K] was also estimated from the Solomon-Ciuta 
relation, essentially a combination of the Huggins and Kraemer lines (see, e.g. 
Harding 1997): 
[K@§c)[2(Krel - 1) ± 2 ln (Krel)]1/2                                                            (3.4) 
It is normally carried out at a given concentration; but it was used at the same 
concentration series as Huggins and Kraemer in order to confirm the results 
determined from both equations. Furthermore, relative viscosities were also 
estimated from a Viscostar (Wyatt Technology) differential pressure 
viscometer linked on-line to the SEC-MALS system (Harding, 1997). Because 
of the higher sensitivity of the sensors and the high dilution from the column, 
eqn (3.4) was used to obtain [K] without a concentration extrapolation.  
 
 
3.4 RESULTS 
 
3.4.1 Sedimentation Coefficient and Sedimentation Coefficient 
Distribution 
 
The results of sedimentation velocity experiments for lambda carrageenan 
(GM-O690 and TF-O730) and their preparations (heated 15s (GM-O850 & TF-
O870) and 30s (GM-O460 & TF-O340)) are analysed in terms of table of data 
(Table 3.1). The sedimentation coefficient, s was obtained for all samples at 
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serial concentrations using the least squares ls-g*(s) method of Dam and 
Schuck (2004). The ls-g* (s) distribution method demonstrates the highly 
pureity and the good solubility of all lambda carrageenan samples, represented 
by unimodal distribution plots (Figure 3.2): a shoulder at the highest 
concentration peaks were seen for all samples, suggestive of the presence of 
higher molecular weight material.  
 
Figure 3.2: Sedimentation coefficient distribution profiles using least squares 
g*(s) method of SEDFIT obtained from sedimentation velocity experiment for 
lambda carrageenan samples (a) GM-O690 (b) GM-O850 (c) GM-O460 (d) TF-
O730 (e) TF-O870 (f) TF-O340. 
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The values of apparent weight average s20,w however, all increased with 
decrease in concentration, showing no evidence of reversible associative 
behaviour. Even across the small range of concentrations used there was 
considerable concentration dependence of the sedimentation coefficient 
through the effects of non-ideality as found earlier by Slootmaekers co-workers 
(Slootmaekers et al., 1991a).   
Table 3.1: Summary of VÛ20,w  and ks results for all lambda carrageenan 
unheated and heated samples. 
Sample VÛ20,w  (S) ks (mL g-1) 
GM-O690 5.4±0.4 495±55 
GM-O850 6.2±0.3 1280±105 
GM-O460 4.5±0.3 595±80 
TF-O730 5.0±0.3 925±105 
TF-O870 5.3±0.3 1130±160 
TF-O340 3.2±0.2 555±70 
 
Figure 3.3 also shows the reciprocal plots of sedimentation coefficient vs 
concentration extrapolated to infinite dilution using Equation 3.1 for all 
samples. In particular the determination of the concentration dependence of 
sedimentation, ks is yielded information about conformation, interparticular 
interaction and properties of particles. 
However, an increase in sedimentation coefficient value was observed for both 
lambda carrageenan samples heated for a short time (15 s) compared to 
unheated. This could reflect the final dispersity of the higher molecular weight 
material. Heating for a short time (15 s) exhibited good dispersibility without 
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degradation. The values of lambda carrageenan samples (GM-O460 & TF-
O340) describe a decrease in sedimentation coefficient with additional 15s 
heating confirming depolymerisation of lambda carrageenan chains. 
 
Figure 3.3: Concentration dependence (reciprocal) of the sedimentation 
coefficient plot (after correction to standard solvent conditions) for lambda 
carrageenan samples (a) GM-O690 (b) GM-O850 (c) GM-O460 (d) TF-O730 (e) 
TF-O870 (f) TF-O340. 
 
 
3.4.2 Estimation of Molecular Weight 
 
The weight average molecular weight results for lambda carrageenan samples 
(unheated and heated) were obtained from sedimentation equilibrium 
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experiment in analytical ultracentrifugation (Table 3.2). Intriguingly the value 
for the 15 s microwave heated samples (GM-O850 and TF-O870) yielded a 
slightly higher molecular weight than that of unheated samples (GM-O690 and 
TF-O730). This may reflect the final dispersion of higher molecular weight 
material. Heating for a short time (15 s) again exhibited good dispersibility 
without degradation consistent with sedimentation coefficient data. Heating for 
an additional 15 second (30 s) led to clear chain scission with a clear reduction 
in molecular weight (samples GM-O460 and TF-O340). Further application of 
heat led to discoloration of the sample, and such samples were not used for 
further characterisation. Figure 3.4 presents weight average molecular weight 
(Mw) yielded using SEDFIT-MSTAR. 
Table 3.2: Summary of molecular weights (Mw) results for lambda carrageenan 
unheated and heated samples from sedimentation equilibrium and SEC-MALS. 
samples 
10-3 x Mw  
(g mol-1)a 
10-3 x Mw  
(g mol-1)b 
Polydispersity 
index b 
GM-O690 590±90 690±40 1.10 
GM-O850 840±60 850±50 1.80 
GM-O460 460±30 460±30 1.02 
TF-O730 650±60 730±40 1.10 
TF-O870 850±50 870±40 1.85 
TF-O340 340±30 340±20 1.02 
a : molecular weight obtained from sedimentation equilibrium 
b : molecular weight obtained from SEC-MALS 
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Figure 3.4: Molecular weight plots for lambda carrageenan samples GM-O690, 
GM-O850, GM-O460 (a, b and c, respectively), TF-O730, TF-O870 and TF-
O340 (d, e and f, respectively) using SEDFIT-MSTAR: M* versus r plot (open 
squares) and fit based on the M* transformation of the c(M) fit of the raw data 
(red line): the value of M* extrapolated to the cell base = Mw,app the apparent 
weight average molecular weight for whole distribution.  
 
Using long optical path length cells (20.0 mm) allowed us to work at relatively 
low concentration (0.3 mg mL-1). This helped to minimize the non-ideality 
arising from co-exclusion and polyelectrolyte effect. Thus, at this loading 
concentration the apparent molecular weight Mw,app is ~Mw the true or ideal 
weight average molecular weight.  
However, it was possible to obtain the weight average molecular weight and its 
distribution for each elution volume (V) or slice using size exclusion 
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chromatography coupled to multi angle light scattering (SEC-MALS). Since 
the concentration was also recorded as a function of elution V from refractive 
index (RI) detectors. For each lambda carrageenan sample the molecular 
weight results were then measured based on this method and are reported in 
(Table 3.2). Unimodal elution profiles were yielded for all lambda carrageenan 
samples showing homogeneous preparations and again consistent with 
sedimentation coefficient distribution data: a broader distribution was also 
observed for each sample indicative of the presence of higher material (Figure 
3.5 a and b). Within the error estimate the weight average molecular weight 
results obtained for each lambda carrageenan from SEC-MALS are consistent 
with those found by sedimentation equilibrium. 
 
Figure 3.5a: Elution profiles of the lambda carrageenan samples GM-O690 
(black line), GM-O850 (red line) and GM-O460 (green line) examined by SEC-
MALS at concentration 0.5 mg mL-1. The horizontal black (open square), red 
(open circle) and green (up triangle) lines correspond to SEC-MALS calculated 
molecular weights for lambda carrageenan samples GM-O690, GM-O850 and 
GM-O460, respectively.  
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Figure 3.5b: As (Figure 3.5a) but the analysis of lambda carrageenan samples 
TF-O730 (black), TF-O870 (red) and TF-O340 (green) at concentration 0.5 mg 
mL-1. 
 
3.4.3 Intrinsic Viscosity   
 
The intrinsic viscosity values for lambda carrageenan samples, reported in 
Table 3.3, showed a good linear extrapolation in all cases for Huggins, 
Kraemer and Solomon-Ciuta plots (Figure 3.6). Heating both lambda 
carrageenan samples (GM-O690 TF-O730) for a short time (15 s) led to an 
increase in the intrinsic viscosity, which again confirms the dispersion of 
higher molecular weight material and is consistent with sedimentation 
coefficient and molecular weight results. A further 15 second heating induced 
the degradation of the polymer chain, and yielded a decrease in intrinsic 
viscosity: the results also confirm the deplymerisation of lambda carrageenan 
chains and correspond to sedimentation coefficient and molecular weight 
results.  
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Table 3.3: Intrinsic viscosity values for lambda carrageenan unheated and 
heated samples from capillary viscometry and differential pressure viscometry 
(Viscostar in SEC-MALS). 
Sample 
Intrinsic viscosity [K] (mL g -1) 
Capillary viscometry 
Online 
Viscostar TM Huggins Kraemer 
Solomon-
Ciuta 
GM-O690 1120±100 1260±60 1230±70 1300±50 
GM-O850 1570±20 1600±25 1600±25 1550±30 
GM-O460 1060±10 1070±10 1080±10 1050±20 
TF-O730 940±10 960±5 960±5 970±10 
TF-O870 1080±40 1080±35 1080±35 1050±30 
TF-O340 640±30 630±30 635±30 700±40 
 
 
Figure 3.6: The intrinsic viscosity plot from capillary viscometry: Huggins, 
Kraemer and Solomon-Ciuta extrapolations for (a) GM-O690, (b) GM-O850, 
(c) GM-O460, (d) TF-O730, (e) TF-O870 and (f) TF-O340.   
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The values of the intrinsic viscosity, particularly for the GM-O690 and TF-
O730 samples, are similar to other non-gelling viscosifying agents used in 
industry, such as the galactomannans and glucomannans.  
 
Figure 3.7a: Intrinsic viscosity (mL g-1) plot (red line) versus retention time 
(min) for GM-O460 from the differential pressure viscometer (Viscostar 
coupled to SEC-MALS). The red squares correspond to SEC-MALS calculated 
intrinsic viscosity.  
 
However, Table 3.3 also reports the intrinsic viscosity for all lambda 
carrageenan samples obtained from the differential pressure viscometry with 
SEC-MALS. The average [K] for the whole undistrbuated sample can be 
specified as well as the intrinsic visocisty [K] (Ve) as function of elution 
volume Ve. The results confirmed the dispersion of higher material and 
deplymerisation phenomenons for samples heated for 15 s and 30 s, 
respectively, and are in excellent agreement with those from capillary 
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viscometry. Figure 3.7 (a) and (b) show examples of intrinsic viscosity profile 
against time for GM-O460 and TF-O340 respectively. Both demonstrate the 
decrease of intrinsic viscosity with the decrease of sample concentration.   
 
Figure 3.7b: Intrinsic viscosity (mL g-1) plot (red line) versus retention time 
(min) for TF-O340 from the differential pressure viscometer (Viscostar coupled 
to SEC-MALS). The red squares correspond to SEC-MALS calculated intrinsic 
viscosity  
 
3.4.4 Conformational Analysis   
 
Lambda carrageenan has a greater range of capabilities such as immunogenic 
activity against HIV and some tumours: thus the effectiveness of its functional 
properties depend on size, shape and conformation in solution. Various 
exciting methods designed to study the molecular conformational behaviour. 
Some of the most applicable methods have been applied for lambda 
carrageenan samples in this study.   
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3.4.4.1 Wales-van Holde Ratio (R): 
 
The Wales-van Holde (1954) ratio R = ks / [K] provides a useful indicator of a 
molecular conformation of flexibility. The limits are ~ 1.6 for a compact sphere 
or a (non-draining) random coil (Creeth and Knight, 1965), and ~ 0.15 for rods 
(see, for example, Tombs and Harding, 1998). Values of the Wales-van Holde 
ratio have been yielded using the results of the concentration dependence 
coefficient or the Gralen parameter; ks (determined from the sedimentation 
coefficient), and intrinsic viscosity (from the capillary viscometry) for each 
lambda carrageenan sample, are reported in Table 3.4.  
Table 3.4: Wales-van Holde ration for lambda carrageenan unheated and 
heated samples. 
Sample ks / [K] 
GM-O690 0.4 
GM-O850 0.8 
GM-O460 0.6 
TF-O730 1.0 
TF-O870 1.0 
TF-O340 0.9 
 
 
From the results of Wales-van Holde ration it appears that the GM-O samples 
(690, 850 and 460) are adopting a semi-flexible structure (R = ~0.4-0.8) and is 
similar to those of konjac glucomannan (Kök et al., 2009) and Pectin (Morris et 
al., 2000). However, the TF-O samples (730, 870 and 340) are consistent with a 
more flexible structure (R = ~ 1), possibly extended than a random coil and 
consistent with a value previously estimated for kappa carrageenan (Harding et 
al., 1997).  
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3.4.4.2 Mark-Houwink-Kuhn-Sakurada Power Law Relationship: 
 
Hydrodynamic parameters ± molecular weight, sedimentation coefficient and 
intrinsic viscosity± obtained from analytical ultracentrifugation (sedimentation 
velocity and equilibrium), SEC-MALS and capillary viscometry experiments 
were further used to study the gross conformation of lambda carrageenan (GM-
O and TF-O) (Harding et al., 1991). Taking advantage of the fact that heating 
for different times resulted in different weight-average molecular weights, Mw 
this facilitated WKH XVH RI WKH ³0DUN-Houwink-Kuhn-6DNXUDGD ³ 0+.6
power law relation linking both sedimentation coefficient, so20,w, and intrinsic 
viscosity, [K]with  molecular weight, M  
so20,w = Ks  M b                                                                                                  (3.5) 
[K]=KK  M a                                                                                                    (3.6) 
Values of the MHKS exponents a and b can be used as another method of 
assessing the conformation of polymer chain based on the knowledge of the 
general conformations by HAUG triangle (Tombs and Harding, 1998). 
Compact sphere, random coil and rigid rod are extremes of macromolecular 
conformation are placed at the corners of the HAUG triangle, and are the limits 
of exponents a and b reported in Table 3.5. Solvent draining effects ± where 
the solvent within the domain of a coiled molecule is free to travel at its own 
velocity ± can also affect these parameters but these are usually small 
compared to the strong hydrodynamic forces between the macromolecular 
segments and following Tanford (1961) these are assume negligible. Figure 3.8 
shows the logarithmic plots of sedimentation coefficient, so20,w  versus 
molecular weight Mw  and intrinsic viscosity, [K] versus molecular weight Mw  
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for lambda carrageenan samples GM-O (a and b respectively) and TF-O (c and 
d respectively).  
Table 3.5: Mark-Houwink-Kuhn-Sakurada Power Low exponents. Adapted 
from Harding, (2005b). 
Shape a b 
Compact sphere 0 0.67 
Random coil 0.5-0.8 0.4-0.5 
Rigid rod 1.8 0.15 
 
 
Figure 3.8: The Mark-Houwink-Kuhn-Sakurada (MHKS) plots for lambda 
carrageenan samples (GM-O and TF-O): (a) and (c) plots of so20,w vs Mw  for 
both lambda carrageenan samples GM-O and TF-O respectively, whereas (b) 
and (d) plots of [K]
 
vs Mw  again for GM-Oand TF-O respectively. 
  
The values obtained of a = (0.62 ± 0.1) and (0.60 ± 0.02) for both lambda 
carrageenan GM-O and TF-O respectively, are consistent with a flexible coil 
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conformation. The results are in an excellent agreement with that of a = 0.83 
(Berth et al., 2008). Whereas, the values of b = (0.48 ± 0.05) and (0.32 ± 0.02) 
for both GM-O and TF-O, respectively, are again indicative of a flexible coil 
type molecule, which is consistent with result of b = (0.32 ± 0.01) for konjac 
glucomannan (Kök et al., 2009). 
 
3.4.4.3 Molecular Conformation Zoning 
 
The molecular conformation type or zoning (Pavlov et al., 1999; Pavlov et al., 
1997)
 
HQDEOHV DQ HVWLPDWH RI WKH ³RYHUDOO´ VROXWLRQ FRQIRUPDWLRQ RI D
macromolecule in solution ranging from Zone A (extra-rigid rod ) to Zone E ( 
globular or branched ). Thus, it is represented the conformation of polymer in 
solution based on mass per unit length, ML and persistent length, Lp parameters. 
Also one of the important experimental parameters is the intrinsic 
sedimentation coefficient, [s], which can be estimated from the sedimentation 
coefficient, so20,w using the following relation: 
ሾݏሿ ൌ  ቎ݏ௢ߟ௢ ሺ ? െ ᛓߩ௢ሻ൘ ቏                                                                              (3.7) 
where KRis the viscosity of the solvent, ߩ௢is the density of the solvent and ૣ , 
is the partial specific volume (0.53 mL g-1 for lambda carrageenan). The 
concentration dependence of sedimentation coefficient, ks (mL g-1) is also 
utilised, which is obtained from sedimentation coefficient distribution. The 
mass per unit length, ML (~ 610 g mol-1 nm-1) of lambda carrageenan is used 
(Berth et al., 2008).  
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Figure 3.9a: The conformation zoning plot for lambda carrageenan samples 
GM-O690, GM-O850 and GM-O460, are adopted semi-flexible coil structures 
(zone C), whereas zone A: Extra-rigid rod; zone B: Rigid rod; zone C: Semi-
flexible coil; zone D: Random coil and zone E: Branched.  
 
Figure 3.9b: The conformation zoning plot for lambda carrageenan samples 
TF-O730, TF-O870 and TF-O340, are adopted semi-flexible coil structures 
(zone C).  
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Figure 3.9 (a) and (b) show logarithmic plots of ks. ML versus [s] /ML, with the 
five zonal types being represented for each lambda carrageenan sample (GM-
O690, GM-O850 and GM-O460) and (TF-O730, TF-O870 and TF-O340), 
respectively. From the previous plots it appeared that both lambda carrageenan 
samples (GM-O and TF-O) adopted semi flexible structures at zone (C), and 
were more extended than a random coil consistent with those obtained from 
Wales-van Holde ratio and MHKS methods. Further, the results are in excellent 
agreement with computer modelling of lambda carrageenan conformation 
based on x-ray scattering data (Le Questel et al., 1995). 
 
3.4.4.4 Estimation of the Persistence Length Lp and Mass Per Unit Length 
ML 
 
The flexibility of linear polymer chains can be represented by terms of the 
persistence length, Lp and mass per unit length, ML, where Lp is defined as the 
average projection length along the initial direction of the polymer chain and 
ML is the mass of the molecules divided by its length (Tombs and Harding, 
1998). Theoretically, persistence length has limitation for the cases of perfect 
random coil = 0 and for the stiff rod =  ?  , whilst the practical limitation is Lp  ? 
1-2 nm for random coils (e. g. pullulan) and Lp  ? 200 nm for a stiff rod (e.g. 
schizophyllan) (see, e. g. Tombs and Harding, 1998). Thus the flexibility of 
lambda carrageenan conformation can be identified using the values of 
persistence length and mass per unit length. Several methods are applied here 
to estimate these two parameters (Lp and ML).  
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3.4.4.4.1 Bushin-Bohdanecky method 
 
This method is one of the most popular methods used for estimating the 
persistence length of polymer chains particularly for semi-flexible 
conformation, which has been applied for the range of polysaccharides. Both 
Lp and ML can be estimated using this method based on the knowledge of 
intrinsic viscosity and molecular weight values via the following equation 
(Bohdanecky, 1983; Bushin et al., 1981): 
ቀெೢమሾఎሿ ቁଵȀଷ ൌ ܣ଴ܯ௅߶ିଵȀଷ ൅ ܤ௢߶ିଵȀଷ ቀଶ௅೛ெಽ ቁିଵ ଶ ?  ܯ௪ଵȀଶ                            (3.8) 
where ߶ is the Flory-Fox constant (2.86 x 1023 mol-1) and ܤ௢ is taken as  ? 1.10 
and ܣ଴as  ? ?Ǥ ? ? (Bushin et al., 1981). The value of mass per unit length ML of 
lambda carrageenan ( ?610 g mol-1 nm-1) was used in this study obtained from 
(Berth et al., 2008). Also ML can be calculated from the mass of each 
monosaccharide monomer divided by length (m/l), where l is the diameter of 
the monosaccharide  ? 0.5 nm (Picout et al., 2002).   
Figure 3.10 (a) and (b) show plots of ሺܯ௪ଶ ሾߟሿ ? ሻଵ ଷ ? ݒݏܯ௪ଵ ଶ ?   for both lambda 
carrageenan GM-O and TF-O respectively, and Lp can be estimated from the 
slope using the previous relation and values of  ܤ௢ , ܣ଴and ML. Although ML 
might be yielded from the intercept of this method plot, it is very sensitive to 
estimation of ܣ଴(Bohdanecky, 1983). From the previous plots, a slope of 
(0.73±0.04) and (0.86±0.02) were obtained for GM-O and TF-O respectively, 
which yielded Lp values of  ? (16±1) nm for GM-Oand  ? (12±1) nm for TF-
OSubsequently, lambda carrageenan TF-Oshows more flexibility compared to 
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that of GM-Oand in general both agreed with previous estimates of lambda 
carrageenan flexibility by (Vannest, Slootmaekers and Reynaers, 1996).  
 
3.4.4.4.2 Yamakawa-Fujii method 
 
Yamakawa-Fujii is another approach used to estimate the persistence length of 
polymer chains based on the information of sedimentation coefficient. Plotting 
of sedimentation coefficient against molecular weight  ݏଶ଴ǡ௪௢ ݒݏሺܯ௪ሻଵ ଶ ?   led 
us to obtain the Lp and ML from the slope and intercept, respectively, but it is 
required information about either Lp or ML. Unfortunately, the original equation 
relating the sedimentation coefficient with persistence length given by 
Yamakawa and Fujii (1973) was misprinted; thus Freire and Garcia de la Torre 
(1992) were provided the corrected relation:         
ݏ௢ ൌ  ெಽሺଵିᛓఘ೚ሻଷగఎబேಲ ݔ ൤ ?Ǥ ? ? ?ቀ ெೢଶெಽ௅ುቁଵ ଶ ? ൅ ܣଶ ൅ ܣଷ ቀ ெೢଶெಽ௅ುቁିଵ ଶ ? ൅ ڮ ൨    (3.9) 
where ܣଶ= -ln (d/2Lp) and ܣଷ= 0.1382 if the Lp is much higher than the chain 
diameter, d (Yamakawa and Fujii, 1973). From the plots ݏଶ଴ǡ௪௢ ݒݏሺܯ௪ሻଵ ଶ ?   of 
Yamakaw-Fujii method, a slopes of (6.87±0.76) x 10-16 for GM-O and 
(6.2±0.5) x 10-16 for TF-Owere obtained Figure 3.10 (c) and (d), respectively. 
Utilizing equation 3.9 and fixed ML of 610 g mol-1 nm-1 yielded an Lp of (15.2 
±0.5) for GM-O and (18±1) for TF-OThe Lp value of lambda carrageenan GM-
Oconsistent with that obtained from Bushin-Bohdanecky, whereas TF-Odid 
not, and indicates a more extended conformation.  
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Figure 3.10: Show Bushin-Bohdanecky plots for lambda carrageenan (a) GM-
Oand(b)TF-OAlso the plots of  Yamakawa-Fujiifor lambda carrageenan (c) 
GM-Oand(d)TF-O

3.4.4.4.3 Global Analysis method (HYDFIT) 
 
It can clearly be observed that using different approaches provide their own 
bias on results (Bohdanecky and Petrus, 1991; Patel, et al., 2008; Picout et al., 
2002)KHQFHDQHZVRIWZDUHSDFNDJHQDPHO\³+<'),7´KDVbeen created by 
Ortega and García de la Torre to resolve this problem (Ortega and García de la 
Torre, 2007). In the Multi-HYDFIT program, the persistent length, Lp, mass 
per unit length, ML and diameter, d parameters can be estimated from data sets 
of sedimentation coefficient and intrinsic viscosity (also radius of gyration and 
translational diffusion if available) for different molecular weights. In the 
strategy of the program, these data sets are transformed into the equivalent 
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radii, to perform a minimisation procedure for obtaining the best values of 
those parameters (Lp, ML and d) satisfying the Bushin-Bohdanecky (Bushin et 
al., 1981; Bohdanecky, 1983) and Yamakawa and Fujii (1973) equations. 
Inclusive simulations have shown that the results returned for Lp and ML is 
relatively insensitive to the chain diameter, d consequently this is usually fixed 
(Ortega & García de la Torre, 2007). Then the Multi-HYDFIT optimizes the 
parameters in order to find the minimisation of the target function, based on the 
following equation: 
ȟଶሺܮ௉ǡ ܯ௅ ǡ ݀ሻ ൌ  ଵேೞ   ? ቈሺ ? ௒ܹ௒ ሻିଵ   ? ௒ܹ௒ ൬௔ೊሺ೎ೌ೗ሻି௔ೊሺ೐ೣ೛ሻ௔ೊሺ೐ೣ೛ሻ ൰ଶ቉ேೞ௜ୀଵ              (3.10) 
Thus the target function is presented as a dimensionless estimate of the 
convention among the theoretical calculated values (of sedimentation 
coefficient and intrinsic viscosity for a particular molecular weight, persistence 
length and mass per unit length) and the experimentally measured parameters 
(see, e.g. Ortega & García de la Torre, 2007; Amoros et al., 2011). In this study 
the sedimentation coefficient, intrinsic viscosity and molecular weight data 
points are used as input in Multi-HYDFIT for both lambda carrageenan 
samples (GM-O and TF-O). Consequently, minimum values of the target 
function (' = 0.04 and 0.06) correspond to the best estimate values of 
persistence length, Lp (18±0.2) nm and (10±0.3) nm and mass per unit length, 
ML (650±50) Da nm-1 and (600±20) Da nm-1 for GM-O and TF-Orespectively 
Figures 3.11 a and b.  
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Figure 3.11: Global flexibility analysis (Multi-HYDFIT) for lambda 
carrageenan samples. (a & b) Contour plots of GM-O and TF-
Orespectively.The target function, ǻ calculated based on variables values of 
Lp and ML, and are represented on the full colour spectrum from blue to red. (c 
& d) Plots of target function (') vs. Persistence length (Lp) for GM-O and TF-
O, respectively.  
 
The second case where the diameter, d and also ML are fixed, Lp was found to 
be (16±1) nm and (15±1) nm for GM-O and TF-Orespectively (Figures 3.11 c 
and d). These values are consistent with a semi-flexible structure, and are in 
good agreement with previous studies (Vannest, Slootmaekers and Reynaers, 
1996; Berth et al., 2008).  
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3.5 DISCUSSION  
 
The influence of the pre-treatment for the solutions of lambda carrageenan 
using a microwave bomb at different heating times have been shown using 
three different approaches based on sedimentation coefficient, so20,w , molecular 
weight, Mw and intrinsic viscosity, [K]: resulting in different samples of lambda 
carrageenan with variant molecular weights. The behaviour observed here for 
lambda carrageenan however, was not similar to that (depolymerisation) 
yielded for konjac glucomannan when treated using microwave in a high-
pressure vessel, which presents good dispersability without degradation within 
a short time. However, degradation of the polymer was induced by longer 
times and higher temperatures (see, e.g. Kök et al., 2009; Wang, wood, & Cui, 
2002).   
The conformation of the polysaccharide in solution plays an important role in 
the structure- function relationship and in interaction with other biopolymer 
(Tombs and Harding, 1998). Evidently both lambda carrageenans (GM-O and 
TF-O) have considerable flexibility, as judged from both the viscometric and 
analytical ultracentrifuge behaviour. Conformation zoning therefore showed 
that both (GM-O and TF-O) most likely adopt a semi-flexible conformation 
(Zone C) with possibility of more extended than a random coil. Consequently, 
this conclusion seems to reinforce earlier observations by Slootmaekers et al. 
(1991b) and Berth et al. (2008). Characterisation of macromolecules using 
more than one hydrodynamic technique is preferred to avoid bias in the results 
for any methods used. In terms of the persistence length, Lp and mass per unit 
length, ML different approaches (e. g. Bushin-Bohdanecky, Yamakawa-Fujii 
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and Multi-HYDFIT) have been used based on intrinsic viscosity, sedimentation 
coefficient and molecular weight data for estimation the flexibility of linear 
and flexible polysaccharides (both lambda carrageenans). Estimation again has 
confirmed the previous suggestion of a flexible structure, with possibility of 
more extended than a random coil.  
The concentration dependence of the (weight average) sedimentation 
coefficient (with clear decrease and increase in concentration) in itself shows 
no clear evidence of any significant reversible association or dissociation in 
solution, at least under the conditions studied. The behaviour also is very 
different from the associative behaviour seen using analytical 
ultracentrifugation in for example arabinoxylans (Patel et al, 2007) ± which 
shows a tendency for weak reversible self-association ± and also more recently 
in amino-celluloses, the latter which exhibits step-wise, protein like association 
into dimers, trimers, tetramers, etc. (Heinze et al., 2011). An earlier study using 
analytical ultracentrifugation on kappa carrageenan also showed no evidence 
for reversible associative phenomena (based on both sedimentation velocity 
and also sedimentation equilibrium analysis). It is possible that this may have 
been obscured by the strong co-exclusion (molecular obstruction) non-ideality 
in solution, requiring more than one non-ideality virial term for the 
representation of solute distributions at sedimentation equilibrium (Harding et 
al., 1997). 
In this regard it is interesting to consider what the source of the shoulder 
observed at the highest concentration observed in this study for lambda 
carrageenan might be. Multi-Gaussian analysis of the g(s) vs s profiles (Figure 
3.12) shows for all samples the 2nd component has a sedimentation coefficient 
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approximately 1.1x that of the main component, and the relative proportion of 
the 2nd component relative to the main component is approximately 40%. This 
component may be an impurity although its appearance only at the highest 
concentration indicates it might be an association product. 
 
Figure 3.12: Multi-Gaussian fit of the highest concentration g(s) vs s profiles 
for lambda carrageenan samples GM-O690, GM-O850, GM-O460 (a, c and e 
respectively), TF-O730, TF-O870 and TF-O340 (b, d and f respectively). In 
each case two components are resolved, with the sedimentation coefficient of 
the faster component being approximately 1.1x greater than that of the slower 
component.  
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In perspective, it would be interesting to compare the properties of the different 
classes of carrageenans using modern analytical ultracentrifugation, with its 
now greater resolving power over a wide range of solvent and preparation 
conditions to see if this method provides any evidence of dimerization/double 
helix formation as originally suggested by Rees, Morris, Thom, and Madden 
(1992) for all three main classes (kappa, iota and lambda).   
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CHAPTER 4 
 
HYDRODYNAMIC INVESTIGATION OF THE 
OLIGOMERIC STATE OF THE MAIN CLASSES OF 
CARRAGEENAN (KAPPA, IOTA AND LAMBDA) IN 
SOLUTION 
 
In this chapter we now extend our study on lambda carrageenan in relation to 
the other major carrageenans, namely kappa and iota. The oligomeric and 
conformational states of the three main classes of carrageenan (kappa, iota and 
lambda) are investigated under conditions that promote either coil or helical 
conformations based on addition of salt (e.g. 0.1 M NaCl, NaI, and PBS) using 
hydrodynamic and thermodynamic methods. We take advantage of recent 
advances of these methods to see if new light could be thrown on the long-
standing issue of whether carrageenans are a monomer (single helix) or dimer 
(double helix) in the so-called ordered state.  
 
4.1 INTRODUCTION 
 
Carrageenan is the generic term for a family of water-soluble linear 
sulphonated polysaccharides extracted from the Rhodophyceaea class of red 
seaweeds. The basic structure is a repeating unit of galactose and 3,6 anhydro-
bridges, combined alternately byD-(1,3) and E-(1,4) glycosidic bonds (Imeson, 
2009). The most commercially important carrageenan types are kappa (N), iota 
(L) and lambda (O). The main source of lambda is Chondruscrispus, whereas 
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iota and kappa are isolated from Eucheumaspinosum and Eucheumacottonii, 
respectively (see, e. g. Campo et al., 2009). The characteristic differences 
among carrageenans are due to the varying proportions and linkage positions of 
their 3,6-anhydrogalactose and ester sulphate substituents (Figure 4.1). 
Variations in the chemical structure for each type of carrageenan are 
responsible for their unique characteristics, including gel strength, viscosity, 
temperature stability, synergism and solubility (see, Tombs and Harding, 
1998). 
Carrageenans are used extensively in food applications (Bonferoni et al., 1994; 
Therkelsen, 1995), oil recovery enhancement (Iglauer et al., 2011) and 
pharmaceutical and healthcare products (see, e.g. Zhou et al., 2004; Farias et 
al., 2000; Carlucci et al., 1999), as either gelling agents, natural thickeners or 
formulation stabilizers. The feature of gel formation for iota and kappa 
carrageenan has been considered to involve a conformation transition from a 
µGLVRUGHUHG¶ FRLO VWDWH DW KLJKHU WHPSHUDWXUH WR DQ µRUGHUHG¶ KHOLFDO VWDWH DW
lower temperature (Morris et al., 1980; Viebke et al., 1995). The helical form is 
required for gelation: lambda carrageenan cannot form a helix owing to steric 
hindrance; and consequently is unable to form a gel (Coultate, 2009, van de 
Velde et al., 2002). The ionic environment plays a significant role in the helical 
stability of both kappa and iota carrageenans, which follows the Hofmeister 
series (e.g. Rb+ > Cs+ > K+ > NH4+ > Na+ > Li+) (Morris, 1990; Piculell, 1995; 
Therkelsen, 1995). The iodide ion also has an effect on helical stability of 
kappa carrageenan, which is reported to stabilise the helical form but represses 
helix aggregation and gelation ability (Ciancia et al., 1997).  
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Figure 4.1: Chemical structure of iota (L), kappa (N) and lambda (O) 
commercial carrageenans. Adapted from Perez et al., (1996).  
Although Anderson and co-workers had proposed a double helical 
conformation for kappa and iota carrageenans in gels based on X-ray fibre 
diffraction studies (Anderson et al., 1969), the debate is still open whether the 
so-called ordered conformations of kappa and iota carrageenans are single or 
double helices. The possibility of one of these conformations has drawn the 
attention of many researchers and has been investigated for many years. Morris 
and his colleagues for example have shown a doubling of the molecular weight 
for iota carrageenan even in the absence of gelation (gelation phenomena 
promoted by different counterions), suggesting a double-helical conformation 
(Morris et al., 1980). Another study using multi-angle light scattering coupled 
with size exclusion chromatography (SEC-MALS) measured the change in 
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molecular weight of degraded and non-degraded kappa and iota carrageenans 
under defined conditions for disordered and ordered conformations by Viebke 
et al., (1995). The experimental results from this study showed approximately 
doubling in the molecular weight for the carrageenans at helix state suggesting 
a double helix formation. These observations have been supported by kappa 
carrageenan examined in 0.1 M NaCl (coil) and 0.1 M NaI (helix) at room 
temperature using flow field-flow fractionation (FFFF-MALS) which also 
seemed to point to kappa carrageenan having formed double helices (Wittgren 
et al., 1998; Viebke and Williams, 2000). On the other hand, Smidsrød and his 
group of researchers at Trondheim in Norway have reported a single helix 
conformation for kappa carrageenan in the ordered state (Smidsrød et al., 1980; 
Smidsrød and Grasdalen, 1984), showing no evidence for double chains. A 
further study by Vanneste and co-workers showed the existence of iota 
carrageenan in a single helix conformation at both NaI and NaCl solutions 
using static light scattering (Vanneste et al., 1994). Measurements performed 
by Cuppo and Reynaers using wide angle laser light scattering for kappa 
carrageenan in solutions of both NaI and NaCl showed no change in molecular 
weight which gives further support of kappa carrageenan adopting a single 
helix conformation (Cuppo and Reynaers, 2002).  
Understanding the behaviour and function of carrageenans and how they can 
be used is dependent on the knowledge of their biophysical properties such as 
molecular weight and distribution of molecular weight (Harding, 2005a). Thus, 
molecular weight is considered one of the most powerful parameters to 
distinguish whether carrageenans exist in solution as a single helix or a double 
helix conformation: if doubling of the molecular weight of the carrageenans in 
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the ordered state can be confirmed then this would represent the dimerization 
of carrageenans (although not necessarily double helix). As indicated in the 
discussion above several studies have been performed to estimate the 
PROHFXODUZHLJKWVRU³PRODUPDVVHV´IRUFDUUDJHHQDQVLQVROXWLRQXVLQJPXOWL-
angle light scattering (MALS), and light scattering coupled with size exclusion 
chromatography, SEC (Slootmaekers et al., 1991a, Hjerde et al., 1994, Viebke 
et al., 1995, Ciancia et al., 1997, Cuppo and Reynaers, 2002, Berth et al., 
2008). An alternative separation medium, namely flow field-flow fractionation, 
has also been used rather than traditional SEC (Wittgren et al., 1998, Viebke 
and Williams, 2000). However, rarely have molar masses of carrageenans been 
measured using analytical ultracentrifugation based on sedimentation 
equilibrium (Harding et al., 1997). The absolute molar mass (weight, number 
and z-average) and molar mass distribution can be estimated, using analytical 
ultracentrifugation taking advantage of recent advances (Dam and Schuck, 
2004; Harding et al., 2011; Harding, 2012; Schuck et al, 2014). 
In this present study the properties of the different classes of carrageenans 
(kappa, iota and lambda) have now been investigated in different solvent 
conditions. Initially thermal transition has been studied in order to assess the 
influence of ions and solvent on carrageenan conformation using Micro-
Differential Scanning Calorimetry (micro-DSC). This technique was used in 
conjunction with SEC-MALS, viscometry and analytical ultracentrifugation 
(AUC), to see if a modern and combined hydrodynamics with thermodynamic 
approaches can help to resolve or at least to throw new light on the long-
standing issue of whether carrageenans are a single helix or double helix in the 
ordered state. AUC methods are particularly well suited to address this problem 
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as they have intrinsic separation ability without the need for separation media 
or immobilisation materials which might otherwise disrupt or interfere with 
any interaction phenomena (see, e.g. Harding, 2005b; Harding, 2012). In a 
recent study of lambda carrageenan using analytical ultracentrifugation based 
on sedimentation velocity, no clear evidence was observed for a reversible or 
partially reversible association or dissociation in aqueous solution (Almutairi et 
al., 2013) under limited solvent conditions. That study is now extended to a 
range of solvent conditions and to the other main carrageenan types. 
 
 
4.2 MATERIALS 
 
The carrageenan samples (kappa, iota and lambda) were kindly provided by 
CPKelco, Lille Skensved, Denmark.  The samples were used as supplied 
without any further purification. Carrageenan (kappa, iota and lambda) 
powders were dissolved in 50 mL solvent solutions, either (i) sodium iodide 
(0.1 M NaI), (ii) phosphate chloride buffer solution containing sodium 
phosphate, sodium chloride, potassium phosphate and potassium chloride (PBS 
0.1 M and pH 7.0), (iii) sodium chloride (0.1 M NaCl). Two more solvents 
were used for kappa: (iv) dimethyl sulfoxide (DMSO 100%), and (v) 
dimethylsulfoxide (DMSO 80%) mixed with sodium iodide (NaI 20%). The 
solutions were heated to approximately 80 oC for 30 mins to obtain maximum 
dispersion under stirring (Viebke et al., 1995) and then cooled to room 
temperature prior to measurements. The concentration was measured using an 
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Atago (Tokyo, Japan) DD-7 Digital differential refractometer calibrated with 
glucose standards. 
 
4.3 METHODS 
 
4.3.1 Micro-Differential Scanning Calorimetry (micro-DSC) 
 
The thermal events of carrageenan samples were characterised in a Micro-
Differential Scanning Calorimeter (DSC III Setaram, Caluire, France). 
Approximately 0.8 g of each carrageenan solutions were sealed into the DSC 
cells made from Hastalloy. The reference cell was filled with the same weight 
of the corresponding solvent and coordinated for heat capacity with the sample. 
Sample and reference cells were initially cooled to a starting temperature of 0 
°C to equilibrate. Cells were then run at a scanning rate of 1 °C min-1 from 0 to 
95 °C, cooled and rerun while all steps were recorded. Some experiments were 
run at 0.5 and 0.25 oC min-1 to check the dependence on the scanning rate. 
Enthalpy values were calculated using Setaram software with a spline 
interpolated baseline, based on an extension of the trace before and after the 
thermal event. Enthalpy values were normalised per gram of polysaccharide in 
the sample. 
 
4.3.2 Sedimentation Velocity (SV) 
 
Sedimentation velocity in the analytical ultracentrifuge was used to probe the 
heterogeneity of solutions as well as to measure their sedimentation coefficient 
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+DUGLQJ+DUGLQJE&DUUDJHHQDQVDPSOHVȝODQGUHIHUHQFH
buffer (ȝO) were injected into sample and references channels, respectively, 
of double sector 12.0 mm optical path length cells. Aluminium expoxy or, 
when DMSO was the solvent, Kel-F centerpieces were used. The Rayleigh 
interference optical system was used for recording concentration profiles and 
the movement of the sedimentation boundary in the analytical ultracentrifuge 
cell (Harding, 2005b).  An initial low rotor speed of 3000 rpm was adjusted to 
a rotor speed of 40,000 rpm. The standard conditions of density and viscosLW\
RIZDWHUDWࡈ&ZHUHXVHGIRUDGMXVWPHQWRIWKHVHGLPHQWDWLRQFRHIILFLHQWVs 
to s20,w values (Schachman, 1959). Scans were taken at 2 min intervals for a run 
time of ~ 24 hours.  The data was analysed using the SEDFIT procedure (Dam 
and Schuck, 2004) which solves the Lamm equation describing the change of 
concentration distribution with radial position with time in terms of a 
distribution of sedimentation coefficients, g(s) vs s, where s is the 
sedimentation coefficient. The (differential) distribution of sedimentation 
coefficients g(s) can be defined as population ± weight fraction ± of species 
with a sedimentation coefficient between s +  ds (Dam and Schuck, 2004, 
Harding, 2005a). The sedimentation coefficient is expressed in terms of the 
standard cRQGLWLRQVRIWKHYLVFRVLW\DQGGHQVLW\RIZDWHUDWࡈ-oC, s20,w.  To 
eliminate the effects of non-ideality (co-exclusion and any residual 
polyelectrolyte effects) a plot of the reciprocal of the sedimentation coefficient 
(1/s20,w) against concentration, c (g mL-1) was made. From the intercept at 
infinite dilution c=0, the value free of these effects was found: so20,w (units 
seconds, s, or Svedbergs, S, where 1S = 10-13V 7KH IROORZLQJ UHODWLRQ ZDV
XVHGIRUWKHH[WUDSRODWLRQV*UDOpQ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(1/s20,w) = (1/s°20,w).(1+ks.c)                                                                           (4.1) 
where ks LV WKH ³*UDOHQ´ FRHIILFLHQW P/ J-1). Analysis of the change in 
sedimentation coefficient distributions was used to ascertain the presence of an 
interaction. 
 
4.3.3 Sedimentation Equilibrium (SE) 
 
Samples were prepared at a concentration of 0.3 mg mL-1, after dialysis for 24 
hours at the ambient temperature in the appropriate solvent. Sedimentation 
equilibrium experiments were performed using the Beckman (Palo Alto, 
California, U.S.A.) Optima XL-I analytical ultracentrifuge equipped with 
Rayleigh interference optics and an automatic on-line data capture system. The 
modified long (20.0 mm) optical path length double-sector cells with sapphire 
windows were loaded with ~80 Pl of dialysed sample and a matching amount 
of reference buffer dialysate in appropriate channels. The balanced cells were 
then loaded into an analytical 8-hole titanium rotor An50-Ti and placed in the 
$8& $IWHU WLPH ZDV DOORZHG IRU YDFXXP IRUPDWLRQ   microns) and for 
temperature equilibration (20.0oC), the rotor was then accelerated to 4000 rpm; 
rotor speeds were selected to be sufficiently apart to give a good solute 
distribution (Scott and Schuck, 2005). Using the Rayleigh interference optical 
system, scans were taken every one hour and equilibrium was reached after 
approximately 72 hours. A record of the relative concentration distribution of 
the solute at equilibrium was analysed to give the weight average apparent 
molecular weight Mw,app using the SEDFIT-MSTAR algorithm implemented by 
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Schuck and co-workers (Schuck et al., 2014) based on the algorithm of Cölfen 
and Harding (Cölfen and Harding, 1997) and the M* function of Creeth and 
Harding (1982). 
 
4.3.4 Size Exclusion Chromatography Coupled to Multi Angle 
Light Scattering (SEC-MALS) 
 
Molecular weight (weight averages) of the carrageenan samples were also 
estimated by using the independent technique of SEC-MALS (Wyatt, 1992, 
2013), a technique which has been successfully applied to polysaccharide 
characterisation since Horton et al., (1991). The present set-up comprised a 
series of size-exclusion chromatography (SEC) columns, namely TSK 
G6000PW and TSK G4000PW, protected by a similarly packed guard column 
(Tosoh Bioscience, Tokyo, Japan) coupled on-lLQH WR D ³+HOLRV´ PXOWL-angle 
light scattering (MALS) and refractive index (OptilabrEX) detectors (Wyatt 
Technology, Santa Barbara, USA). Solutions prepared at concentrations of 0.8 
mg mL-1 ZHUHILOWHUHGWKURXJKDȝPV\ULQJHILOWHU:KDWPDQ0DLGVWRQH, 
England) - to remove any insoluble material or dust prior to being injected into 
the columns. The buffer was pumped at a steady, pulse-free flow rate of 0.8 
mL min-1 through the column system.  ASTRA (Version 5.1.9.1) software 
(Wyatt Technology, Santa Barbara, U.S.A.) was used to analyse the data.  A 
OLQHDUILWWRWKH³'HE\H´SORWRIKc/RT vs sin2(T/2), where the terms have their 
usual meaning (see, e. g. Wyatt 2013) was used for calculating the absolute 
weight average molecular weight (Mw) using the following values for the 
refractive index increment: kappa dn/dc = 0.111 mL g-1, iota dn/dc = 0.127 mL 
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g-1 (Theisen et al., 2000) and lambda dn/dc = 0.116 mL g-1 (Slootmaekers et 
al., 1991b).  Because of the low concentrations after dilution on the columns no 
correction for non-ideality was assumed necessary. 
 
4.3.5 Capillary and Differential Pressure Viscometry 
 
The relative viscosities Krel of carrageenans (kappa, iota and lambda) samples 
in ranging concentrations (c) ranging from 0.1 ± 1.0 mg mL-1 were measured 
from the ratio of flow times of solution to solvent using a 2.0 mL Ostwald 
viscometer. The U-tube viscometry was suspended in an accurate temperature 
regulated water bath. The temperature was kept constant at (20.0 ± 0.01) °C 
throughout by using a coolant system. Because of the low concentrations no 
correction for solution density was necessary (Harding, 1997). The reduced 
(Kred= (Krel-1)/c) and inherent (Kinh = (lnKrel)/c) viscosities were extrapolated to 
infinite dilution to eliminate non-ideality effects using both the (Huggins, 
1942) and (Kraemer, 1938) approaches: 
Kred = [K] (1+KH [K] c)                                                                                   (4.2) 
Kinh = [K] (1- KK [K] c)                                                                                   (4.3) 
where the intrinsic viscosity [K] is taken as the mean of intercepts from 
equations (4.2) and (4.3) and KH and KK are the Huggins and Kraemer 
constants, respectively. To avoid possible ambiguities through transition from 
the dilute to the semi-dilute region [K] was also estimated from the Solomon-
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Ciuta relation, essentially a combination of the Huggins and Kraemer lines 
(see, e.g. Harding 1997): 
[K@§c) [2(Krel-1) ± 2 ln (Krel)] 1/2                                                            (4.4) 
Relative viscosities were also estimated from a Viscostar (Wyatt Technology) 
differential pressure viscometer linked on-line to the SEC-MALS system 
(Harding, 1997). Because of the higher sensitivity of the sensors and the high 
dilution from the column, equation (4.4) was used to obtain [K] without a 
concentration extrapolation.  
 
 
4.4 RESULTS 
 
4.4.1 Thermal Behavior of Carrageenans 
 
Carrageenans samples were studied using differential scanning calorimetry. 
The micro-DSC thermograms of the kappa, iota and lambda carrageenans in 
three different aqueous solutions (namely 0.1 M PBS, NaI and NaCl) are 
shown in Figure 4.2a-c. First, the effect of ions on conformational transition 
was evaluated for kappa carrageenan, where one peak was generally observed 
in both cooling and heating curves at these different solvents. These 
exothermic and endothermic peaks are referred to helix formation (in some 
cases also helix aggregation), the melting of the cross-linked helices if any, and 
of the helical segments, respectively (Figure 4.2a). In the presence of the NaI 
the thermal transition is shifted to higher temperatures as compared to both 
NaCl and PBS. Also, the thermal hysteresis on cooling decreases in the cases 
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of NaI and NaCl compared to that of PBS. The thermal hysteresis is related 
with inter-helical aggregation (Viebke et al., 1998; Takemasa and Nishinari, 
2004; Burova et al., 2006). These results suggest that kappa carrageenan is 
disordered/ordered from helix to random coil state and vice versa upon 
heating/cooling in all salt solutions, indicated by the presence of 
endothermic/exothermic peaks. However, NaI increases the stability of helices, 
indicated by the location of the transition peaks at higher temperatures (Viebke 
et al., 1998; Takemasa and Nishinari, 2004). Nevertheless, the slight thermal 
hysteresis observed for kappa carrageenan in NaI and NaCl suggests reduced 
the helix aggregation and hence no gel formation. The thermal hysteresis may 
depend on the scan rate. Moritaka and co-workers showed that the gelation 
temperature of kappa carrageenan in NaCl was elevated by slowing the cooling 
rate (Moritaka et al., 2007).  
In the current study, some experiments were performed at lower scanning rate 
(0.5 and 0.25 °C min-1) to check this dependency. Indeed, in the case of kappa 
carrageenan in NaI, the slight thermal hysteresis was reduced at lower scanning 
rate and was negligible when extrapolating to zero. The same could be applied 
for kappa carrageenan in NaCl, meaning no helix aggregation. In the case of 
kappa carrageenan in PBS, the large thermal hysteresis cannot be neglected 
even when extrapolating to zero the scan rate, evidencing helix aggregation and 
gel formation.  
Sodium is present as the major percentage of cations in all salt solutions; 
therefore the different behaviour observed in NaI might come from iodide 
anion. It has been previously reported that NaI promotes the formation of 
isolated helices because the electrostatic repulsion among helices with bound 
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iodide should be higher than that of the other conditions due to the high charge 
density, and prevents from effect of aggregation of helices (Viebke et al., 1998; 
Takemasa and Nishinari, 2004). Additionally, the small percentage of 
potassium cations in PBS may contribute to the thermal hysteresis observed for 
kappa carrageenan and hence in the gel formation, since it is well known that 
kappa carrageenan is sensitive to potassium cations.  
 
Figure 4.2: Micro-DSC trace of carrageenans (0.15%) in aqueous solution 
(0.1M NaCl, PBS and NaI); (a) kappa, (b) iota and (c) lambda, whereas (d) 
gives a comparison of micro-DSC traces of kappa in DMSO (100% and 80%). 
 
 
In the case of iota carrageenan (Figure 4.2b), a small endothermic peak is 
detected in NaI on heating, within the same range of temperature as for kappa 
carrageenan, which seems to be very broad on cooling (exothermic). This 
suggests at least melting and formation of some helical segments, respectively 
(Grinberg et al., 2001). On the other hand, it has been reported that lambda 
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carrageenan is not able to go through the coil-to-helix transition and remains as 
a random coil in aqueous solution without forming gels (De Ruiter and 
Rudolph, 1997). In this regard Figure 4.2c shows no evident transition peaks 
for lambda carrageenan in either salt solution.   
Figure 4.2d shows the thermal behaviour of kappa carrageenan in DMSO 
solvent (100%) or diluted DMSO (80% DMSO and 20% NaI). As a general 
trend, the effect of this solvent is to shift the transition peaks of kappa 
carrageenan to higher temperature values as compared to aqueous solutions in 
the presence of NaI, NaCl and PBS, likewise keeping low thermal hysteresis. 
These results suggest helix-coil/coil-helix conformational transitions, although 
little or no inter-helical aggregation, hence, no gel formation as reported 
previously (Rochas and Rinaudo, 1982). 
 
4.4.2 Sedimentation Coefficient and Sedimentation Coefficient 
Distribution 
 
The sedimentation coefficient, s values were measured for kappa, iota and 
lambda carrageenans in the different solvents at various concentrations using 
the ls-g*(s) method of SEDFIT (Dam and Schuck, 2004) (Table 4.1). Analysis 
of the g*(s) distributions profiles displayed the classical linear increase in 
sedimentation coefficient value with the decrease in concentration for each 
carrageenan. Figure 4.3a-f shows the sedimentation coefficient distributions or 
g*(s) vs s profiles for kappa carrageenan at different solvents (0.1 M NaCl, 0.1 
M NaI, 0.1 M PBS and DMSO). Unimodal distributions were generally seen 
for kappa carrageenan in all solvents, except 0.1 M PBS. The (apparent) 
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sedimentation coefficient distributions of kappa in PBS at (20 oC) shows broad 
distributed peaks that reflects the gelation behaviour in agreement with micro-
DSC results, which reduced at 30 oC (Figure 4.3c and d).  
Table 4.1: Summary of VÛ20,w  and ks results for kappa, iota and lambda 
carrageenans in different solvents. 
Sample Solvent VÛ20,w  (S) ks (mL g-1) 
kappa 
0.1M NaCl 4.2±0.1 790±30 
0.1M NaI 4.6±0.2 720±100 
0.1M PBS 7.0±0.3 510±90 
0.1M PBSa 5.2±0.2 890±150 
DMSO 100% 3.0±0.1 170±20 
DMSO 80% 3.0±0.2 400±80 
iota 
0.1M NaCl 6.8±0.4 400±50 
0.1M NaI 7.0±0.2 440±30 
0.1M PBS 7.3±0.3 770±70 
0.1M PBSa 7.1±0.5 850±100 
lambda 
0.1M NaCl 5.6±0.2 720±50 
0.1M NaI 5.7±0.2 330±50 
0.1M PBS 5.5±0.1 520±20 
0.1M PBSa 5.8±0.2 840±40 
a: sedimentation velocity experiment performed at temperature of 30 oC 
 
The ls-g*(s) profile of iota (in 0.1 M NaI, NaCl and PBS) however, displayed 
bimodal distribution at the highest concentration peak, but not lower 
concentrations which represents either minor contamination of kappa or 
existence of high molecular weight material (Figure 4.4a-c). The distribution 
profile of iota in PBS at (30 oC) shows unimodal distribution, except the 
shoulder present at the highest concentration (Figure 4.4d).   
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Figure 4.3: Sedimentation coefficient distribution profiles using least squares 
g*(s) method of SEDFIT obtained from sedimentation velocity experiment for 
kappa carrageenan samples at different conditions (a) NaCl (b) NaI (c) PBS 
20.0oC (d) PBS 30.0oC (e) DMSO 100% (f) DMSO 80%. 
 
 
Finally, plots of g*(s) vs s for lambda carrageenan in all cases (0.1 M NaI, 
NaCl and PBS (20 and 30 oC)) show homogenous distribution with unimodal 
system, likewise a shoulder at highest concentration peaks were yielded for all 
cases which propose high molecular weight lambda (Figure 4.5a-d). The 
behaviour seen here agreed with that observed in the recent study for lambda 
carragenana using analytical ultracentrifugation (Almutairi et al., 2013). 
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Figure 4.4: Sedimentation coefficient distribution profiles using least squares 
g*(s) method of SEDFIT obtained from sedimentation velocity experiment for 
iota carrageenan samples at different conditions (a) NaI (b) NaCl (c) PBS 
20.0oC (d) PBS 30.0oC. 
 
Figure 4.5: Sedimentation coefficient distribution profiles using least squares 
g*(s) method of SEDFIT obtained from sedimentation velocity experiment for 
lambda carrageen samples at different conditions (a) NaI (b) NaCl (c) PBS 
20.0 oC (d) PBS 30.0oC. 
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Furthermore, to eliminate the non-ideality effects, s20,w values (or the 
reciprocals thereof) were extrapolated to zero concentration to obtain VÛ20,w 
using the reciprocal plots (1/ s20,w ) vs. concentration for all three carrageenans 
(kappa, iota and lambda) as shown in (Figure 4.6, 4.7 and 4.8). Generally this 
gives more reliable estimates for VÛ20,w  and the concentration dependence of 
sedimentation, ks  which are reported in (Table 4.1).  
 
Figure 4.6: Concentration dependence (reciprocal) of the sedimentation 
coefficient plot (after correction to standard solvent conditions) for kappa 
carrageenan samples at different conditions (a) NaCl (b) NaI (c) PBS 20.0oC 
(d) PBS 30.0oC (e) DMSO 100% (f) DMSO 80%. 
 
Under similar conditions (temperature and rotor speed) carrageenans (kappa, 
iota and lambda) have different weight average sedimentation coefficient in 
different solvents. This might reflect the different behaviour of carrageenans in 
different salt types (Ciancia et al., 1997). The reciprocal plots of sedimentation 
coefficient vs concentration confirmed the linear trend on sedimentation 
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coefficient value which increases with decreasing concentration indicative of 
classical non-ideal behaviour. 
 
Figure 4.7: Concentration dependence (reciprocal) of the sedimentation 
coefficient plot (after correction to standard solvent conditions) for iota 
carrageenan samples at different conditions (a) NaCl (b) NaI (c) PBS 20.0oC 
(d) PBS 30.0oC.  
 
Figure 4.8: Concentration dependence (reciprocal) of the sedimentation 
coefficient plot (after correction to standard solvent conditions) for lambda 
carrageenan samples at different conditions (a) NaCl (b) NaI (c) PBS 20.0oC 
(d) PBS 30.0 oC. 
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4.4.3 Estimation of Molecular Weight 
 
Weight average molecular weight values for carrageenans (kappa, iota and 
lambda) at different solvents (0.1 M NaCl, 0.1 M NaI, 0.1 M PBS and DMSO) 
were estimated from sedimentation equilibrium using SEDFIT-MSTAR 
(Figures 4.9, 4.10 and 4.11) and are reported in Table 4.2. For polydisperse 
system in particular carrageenan it is well established that non-ideality 
increases with increasing the loading concentration (Harding et al., 1997).  
Table 4.2: Summary of weight average molecular weight (Mw) results for 
kappa, iota and lambda carrageenans in different solvents. 
Sample Solvent 
10-3 x Mw  
(g mol-1)b 
10-3 x Mw  
(g mol -1)c 
10-3 x Mw  
(g mol -1)d 
kappa 
0.1M NaCl 180±5 220±20 nd 
0.1M NaI 375±15 360±10 420±70 
0.1M PBS nd 610±30 580±100 
0.1M PBSa nd 600±20 nd 
DMSO 100% 260±20 nd nd 
DMSO 80% 300±20 nd nd 
iota 
0.1M NaCl 720±20 690±30 nd 
0.1M NaI 680±50 600±50 685±75 
0.1M PBS 550±20 650±40 590±60 
0.1M PBSa 630±10 620±20 nd 
lambda 
0.1M NaCl 520±10 500±20 nd 
0.1M NaI 530±15 470±40 602±40 
0.1M PBS 540±15 580±40 630±70 
0.1M PBSa 550±10 530±10 nd 
nd : not determined 
a : experiment performed at temperature of 30.0 oC 
b : molecular weight obtained from sedimentation equilibrium 
c : molecular weight obtained from extended Fujita methods 
d : molecular weight obtained from SEC-MALS 
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Thus, working at low concentration (0.3 mg mL-1) and a reasonable ionic 
strength (0.1 M) helped to minimize the non-ideality arising from co-exclusion 
and the polyelectrolyte effect. The assumption is made that the apparent 
molecular weight at this loading concentration Mw,app is the true or ideal weight 
average molecular weight, ~Mw (Harding, 2005b; Schuck, etal., 2014). Within 
the range of solvents used, iota has the highest weight average molecular 
weight followed by lambda then kappa which are consistent with sedimentation 
coefficient results. Values are in excellent agreement with those obtained 
previously (Slootmaekers et al., 1991a; Viebke et al., 1995; Ciancia et al., 
1997).  
 
Figure 4.9: The analysis of kappa carrageenan in 0.1 M NaCl at a loading 
concentration of 0.3 mg mL-1 (a) molecular weight distribution, c(M) vs. M 
plot; (b) log concentration ln c(r) vs. r2 plot, where r is the radial distance from 
the centre of rotation; (c) M* vs. r plot: the value of M* extrapolated to the cell 
base = Mw,app the apparent weight average molecular weight for the whole 
distribution. (d) Point or local apparent weight average molecular weight at 
radial position r (open circle) plotted against the local concentration c(r). 
Dotted line gives the estimate for Mw,app at the hinge point.  
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Figure 4.10: As (Figure 4.9) but the analysis of iota carrageenan in PBS 
0.1M at a loading concentration (0.3 mg mL-1). Mw, app from extrapolation of 
M* to cell base = 550 kDa, and the fitted lines are defined in the legend Figure 
4.9.  
 
Figure 4.11: As (Figure 4.9) but for the analysis of lambda carrageenan in 
PBS 0.1M at a loading concentration (0.3 mg mL-1). Mw, app from extrapolation 
of M* to cell base = 540 kDa, and the fitted lines are defined in the legend 
Figure 4.9.  
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Furthermore, within the error estimate both iota and lambda show similar 
weight average molecular weights for all solvents used. In contrast, it can be 
clearly seen that weight average molecular weight of kappa approximately 
double in NaI solution than that yielded in both solvents NaCl and DMSO. The 
doubling of the molecular weight should be taken as indicator for a double 
helix conformation.   
 
Figure 4.12: Molecular weight distribution for carrageenan samples at 
different solvents obtained from transformation of the g(s) versus s distribution 
at concentration (0.2 mg mL-1), using the Extended Fujita method of Harding et 
al., (2011) (a) kappa (b) iota (c) lambda. 
 
However, the molecular weight of kappa in PBS could not be measured using 
sedimentation equilibrium, due to the presence of gel at the cell base which 
made analysis of the radial distribution data difficult. Consequently, the 
molecular weight of kappa as well iota and lambda carrageenans (in PBS, NaI 
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and NaCl) were estimated by transforming a distribution of sedimentation 
coefficient (s) into a distribution of weight average molecular weight utilising 
the combination of Fujita (1962) equation f(M) = g(s) . (ds/dM) with s = Ks Mb   
(Harding et al., 2011). Figure 4.12 shows the distributions of molecular weight 
obtained for carrageenan samples at different solvents. The influence of non-
ideality arising from both co-exclusion and polyelectrolyte effects is again 
minimized by working at low concentration (0.2 mg mL-1) and ionic strength 
(0.1 M). Values are in reasonably good agreement with those found using 
sedimentation equilibrium (Table 4.2). In the case of kappa in PBS solvent at 
both temperatures the weight average molecular weights obtained, indicating 
that kappa is forming double helices and then aggregating which coincides 
with the onset of the ordered-disordered transition seen by micro-DSC. 
 
SEC coupled to MALS was also performed for carrageenan samples to 
estimate the molecular weight. The order-disorder transition was not induced 
by changing temperature as previously (Viebke et al., 1995; Viebke and 
Williams, 2000), the addition of salt only was used and the measurement was 
carried out at room temperature. As we were unable to calculate molecular 
weight for carrageenan in 0.1 M NaCl using SEC-MALS due to the technical 
issue with instrumentation (SEC-MALS) in our laboratory. The carrageenan 
only examined at 0.1 M NaCl and PBS. Values of weight average molecular 
weight for carrageenans (kappa, iota and lambda) in different solvents (0.1 M 
NaI and PBS) obtained using SEC-MALS are reported in Table 4.2. With the 
SEC-MALS system low concentration can be injected, taking advantage of the 
high sensitivity of the light scattering detector, and influence of non-ideality is 
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neglected in the measurement. The concentration is diluted in columns and 
become much lower than the initial loading concentration to be about 0.1 mg 
mL-1 or less (Wyatt, 2013).  
 
Figure 4.13: Example of elution profile of carrageenan samples and PBS 0.1M 
buffer (a) kappa, (b) iota and (c) lambda (black line) examined by SEC-MALS 
at concentration 0.8 mg mL-1. The horizontal black lines (open square) 
correspond to SEC-MALS calculated molecular weights. 
 
 
The elution profiles of molecular weight vs retention time estimated for kappa, 
iota and lambda carrageenans in both PBS (Figure 4.13) and NaI (not shown) 
demonstrated unimodal peaks, showing homogeneous preparations and again 
consistent with sedimentation coefficient distribution data at low 
concentrations. Difference in molecular weights and polydispersities reflect 
corresponding difference in molecular distribution and elution time for 
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carrageenans. Within experimental error estimate values of molecular weight 
from SEC-MALS are consistent with those obtained previous from 
sedimentation equilibrium and velocity of the systems studied.  
 
4.4.4 Intrinsic Viscosity   
 
The intrinsic viscosity values of kappa, iota and lambda carrageenans obtained 
using standard Ostwald capillary viscometry are reported in Table 4.3 and 
showed in all cases a good linear extrapolation from the Huggins, Kraemer and 
Solomon ± Ciuta plots. 
Table 4.3: Summary of intrinsic viscosity [K]
 
results for kappa, iota and 
lambda carrageenans in different solvents obtained from capillary viscometry 
and on line ViscoStar. 
Sample Solvent 
intrinsic viscosity [K] (mL g-1) 
capillary viscometry 
On line 
ViscoStar Huggins Kraemer 
Solomon-
Ciuta 
kappa 
0.1M NaCl 900±40 900±20 910±30 nd 
0.1M NaI 2240±100 2450±60 2430±70 2600±160 
0.1M PBS 970±70 1060±70 1030±70 1220±60 
DMSO 100% 1740±40 1620±40 1670±40 nd 
DMSO 80% 1080±20 1090±20 1090±20 nd 
iota 
0.1M NaCl 1260±15 1250±10 1250±15 nd 
0.1M NaI 1130±150 1260±120 1230±70 1020±50 
0.1M PBS 1520±150 1550±90 1550±100 1200±70 
lambda 
0.1M NaCl 1040±180 1040±90 1050±100 nd 
0.1M NaI 990±70 980±50 980±60 1100±60 
0.1M PBS 1320±110 1270±90 1290±90 1200±70 
nd : not determined  
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Figures 4.14 and 4.15 show the corresponding plots of intrinsic viscosity 
versus concentration (g mL-1) for carrageenans at different solvents (0.1 M 
NaCl, NaI, PBS and DMSO (100 and 80%)). Kappa in NaI presented the 
highest intrinsic viscosity value compared to that in NaCl, PBS and DMSO. 
The differences were clearly seen among kappa at all solvents, resulting from 
different conformations (ordered and disordered) adapted in each solutions at 
room temperature (Figure 4.14).  
 
Figure 4.14: Intrinsic viscosity plots from capillary viscometry: Huggins, 
Kraemer and Solomon-Ciuta extrapolations for kappa carrageenan (a) NaCl 
(b) NaI (c) PBS 20.0oC (d) DMSO 100% and (e) DMSO 80%. 
 
 
Furthermore, working at low concentrations, (1.0 ± 2.5 x 10-4) g mL-1, showed 
a decrease in the intrinsic viscosity results for the kappa in PBS upon structure 
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aggregation formation, and consistent with that found previously (Richardson 
and Goycoolea, 1994). Within the error estimate iota and lambda showed 
similar intrinsic viscosity results for all solvents, namely 0.1 M NaCl, NaI and 
PBS (Figure 4.15). However, Table 4.3 also reports the intrinsic viscosity for 
all carrageenans at only two solvents (0.1 M NaI and PBS) from ViscoStar on 
line with SEC-MALS, and in excellent agreement with those from capillary 
viscometry.  
 
Figure 4.15: The intrinsic viscosity plot from capillary viscometry: Huggins, 
Kraemer and Solomon-Ciuta extrapolations for iota carrageenan (a, b and c) 
and lambda carrageenan (d, e and f) at different solvents NaCl, NaI and PBS 
20.0oC, respectively.   
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4.5 DISCUSSION  
 
The influences of salt type and concentration on carrageenans have been 
explored and different behaviour has been seen. For instance sodium iodide 
(NaI 0.1M) has been claimed previously to enhance the formation of the 
ordered helical conformation at room temperature whilst sodium chloride 
(NaCl 0.1M) has been shown to favour the disordered conformation (Grasdalen 
and Smidsrod, 1981; Viebke et al., 1995; Ciancia et al., 1997; Cuppo and 
Reynaers, 2002). In the present study, thermal transition has been studied in 
order to assess the influence of different solvents (0.1 M NaCl, NaI, PBS and 
DMSO (100 and 80%)) on carrageenan conformation using micro-DSC. 
Clearly carrageenan is thermo-reversible, hence a coil-to-helix transition 
followed in some cases by aggregation among helices forming a three 
dimensional structure gel network takes place upon cooling (Takemasa and 
Nishinari, 2004). As shown in Figure 4.2 (a) for kappa, the presence of NaI 
shifts the thermal transition to higher temperatures compared to NaCl and PBS 
solutions. This can be explained by the increasing the stability of the helix. 
Moreover, it decreases the thermal hysteresis on cooling as compared to PBS, 
suggesting helical formation but not gel formation. A similar behaviour was 
observed in the presence of DMSO (100% and 80%), which confirmed the 
helix ordered conformation and no gel formation (Figure 4.2d). According to 
Rochas and co-workers, kappa carrageenan arranges in water as a double helix 
ordered conformation, unlike the mono-helix ordered conformation displayed 
in DMSO. This single helix conformation is characterised by a broadening of 
the transition and a symmetrical melting-curve (Rochas and Rinaudo, 1982). 
These behaviours observed for carrageenan in different solvents however, have 
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inspired us to try and address the question as to whether either single or double 
helices are present or responsible for the so-called ordered conformation. 
Analytical ultracentrifugation, and in particular sedimentation velocity, offers 
WKHSRVVLELOLW\ WRHVWLPDWH WKHFRQIRUPDWLRQDQGÀH[LELOLW\RISRO\VDFFKDULGHV
in terms of their weight average sedimentation coefficient ± a measure of the 
size and shape of the macromolecules ± and sedimentation coefficient 
distribution (Harding, 2005b). Iota has the highest weight average 
sedimentation coefficient VÛ20,w followed by lambda and then kappa. It may 
have been expected that different VÛ20,w  values of the carrageenans is ascribed 
to the different size (molecular weight) and conformation of these 
macromolecules: suggests that iota has either a more compact structure or the 
largest molecular weight (or both); while lambda has extended flexible coil and 
kappa the most rigid structure, as was previously observed (Morris, 2001; 
Almutairi et al., 2013; Harding et al., 1997, respectively). However, the 
broadness of the sedimentation coefficient distribution and the large 
sedimentation coefficient value for kappa in PBS (0.1 M) represents the 
gelation behaviour, which might be induced by the small percentage of 
potassium cations in PBS. The behaviour seen here is different from what was 
observed for kappa in PBS (Potassium K+ free) using analytical 
ultracentrifugation, which did not form gelation (Harding et al., 1997). 
Moreover, the helix - coil transition was induced by increasing the temperature 
of the measurement to be (30.0 oC) for carrageenans in PBS solution. A 
decrease in sedimentation coefficient was observed for kappa, whereas iota and 
lambda did not; this suggests that a slight change might have occurred in the 
conformational state of kappa carrageenan (Table 4.1).  
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Thus, it is interesting to analyses kappa carrageenan in NaCl ± a favorable 
solvent of the disordered conformation ± a decrease on the sedimentation 
coefficient was yielded, which might be interpreted in a double helix 
formation. Furthermore, in the presence of the DMSO solvents (at both 100% 
and 80%) sedimentation coefficient values of kappa reduced to be 
(approximately 3.1±0.1 S), and might be attributed to the ability of DMSO to 
disrupt the ordered conformation of polysaccharides at higher concentration 
~91 % (Member and Morris, 1995). The discrepancy of the results obtained for 
kappa carrageenan in DMSO solvent from micro-DSC and AUC based on 
sedimentation velocity and equilibrium can be attributed to efficiency of the 
solvent to disrupt the ordered conformation. That can clearly been seen, DMSO 
was not completely disrupt the ordered conformation of kappa carrageenan. 
However, earlier studies using sedimentation velocity for kappa showed a 
similarity in sedimentation coefficient results at both 0.1 M NaCl and NaI 
(Slootmaekers et al., 1991b). It is possible that this might be due to the 
different procedures used for preparation of the kappa carrageenan solutions. In 
this study carrageenan solutions were prepared by heating at approximately 
80.0 oC for 30 min.   
In this regard we can now compare the sedimentation coefficient values 
estimated for carrageenans (in this study) with what might be expected or 
predicted for helix and coil conformations utilizing the Mark-Houwink-Kuhn-
Sakurada (MHKS) relation. Following Studier (1965) this method has been 
based on the assumption that the molecular weight of a dimer is twice that of 
monomer; thus sedimentation coefficient results for a helical conformation can 
be predicted theoretically through the following equation:  
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so20,w (dimer) = 2b . so20,w (monomer)                                                 (4.5) 
derived from MHKS relation (so20,w= Ks Mb), where the exponent (b) in the 
case of a theoretically perfect rod = 0.15, and for a coil = 0.4-0.5 (see, e.g. 
Tombs and Harding 1998). The predicted sedimentation coefficient values in 
dimer state for both iota and lambda carrageenans appear to be higher 
compared with experimentally determined in dimer (helix) ordered, while 
kappa remain similar (Table 4.4). The excellent agreement between the 
predicted and experimental sedimentation coefficient values for kappa 
carrageenan again indicates a double helix conformation. 
Table 4.4: Predicted sedimentation coefficient values based on experimental 
data for carrageenans. 
Sample 
so20,w Experiment a 
so20,w Predicted 
(Dimer) b Coil (monomer) 
NaCl 
Helix (Dimer) 
NaI 
kappa 4.2±0.1 4.6±0.2 4.6 
iota 6.8±0.4 7.0±0.2 7.5 
lambda 5.6±0.2 5.7±0.2 6.2 
a : sedimentation coefficient values obtained experimentally, in sodium chloride 
solution (NaCl) ± according to the claims of other studies ± adopts a coil 
conformation, while in sodium iodide solution (NaI) adopts a helix conformation.  
b : predicted sedimentation coefficient obtained in dimers form using so20,w (dimer) = 2b 
so20,w(monomer) ,where the molecular weight in dimer is double of monomer.  
 
Although the sedimentation coefficient is a representativel measure of the size 
(e. g. the seed globulins and ribosomes), it also depends on conformation. 
Therefore absolute molecular weight can be estimated using sedimentation 
equilibrium in the analytical ultracentrifugation as well as SEC-MALS. Over 
the range of solvents (e.g. PBS 20.0, 30.0oC, NaCl and NaI) the weight average 
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molecular weights for iota and lambda carrageenan remain relatively constant, 
with no sign of reversible associative as studied by the sedimentation 
equilibrium experiment. These results are consistent with sedimentation 
coefficient results, whilst there is no clear evidence of double helix 
conformation for both iota and lambda as previously supported (Vannest et al., 
1994; Bongaerts et al., 2000). On the other hand, the higher weight average 
molecular weight obtained for kappa in NaI compared to those in NaCl and 
DMSO suggest a double helix formation, which is in good agreement with 
previous studies (Morris et al., 1980; Viebke et al., 1995; Wittgren et al., 
1998). This finding is likewise consistent with sedimentation coefficient results 
obtained using sedimentation velocity experiment. the molecular weight 
provided by SEC-MALS for kappa in PBS was higher and also eluted earlier 
compared to other solvent (0.1 M NaI).  This may reflect a sort of high level of 
aggregation due to the presence of potassium as seen in the micro-DSC and 
sedimentation velocity data (Ciancia et al., 1997). Another approach of 
estimating molecular weight for kappa in PBS is using the Extended Fujita 
method based on sedimentation velocity (Harding et al. 2011), showed higher 
molecular weight in a good agreement with SEC-MALS results, which might 
be affected again by gelation behaviour (Figure 4.12). 
One of the simplest parameters providing information about conformation and 
conformational change is the intrinsic viscosity. In the case of iota and lambda 
carrageenan in 0.1 M NaI this not associated with any increase of intrinsic 
viscosity compared to these substances in both 0.1 M NaCl and PBS. This is in 
excellent agreement with sedimentation coefficient and molecular weight 
resultspreviously reported by Ciancia and co-worker (Ciancia et al., 1997). 
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Under similar conditions, kappa carrageenan showed approximately a doubling 
in intrinsic viscosity (Figure 4.13). This would indicate the high rigidity of 
kappa molecules in the ordered conformation and be consistent with a double 
helix conformation consistent with an earlier found for kappa and xanthan 
(Chronakis et al., 2000).  
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CHAPTER 5 
HYDRODYNAMIC CHARACTERISATION OF 
CHITOSAN AND ITS INTERACTION WITH TWO 
POLYANIONS: DNA AND XANTHAN 
 
In this chapter another group or family of marine polysaccharides is 
considered: chitosan a soluble polycationic derivative of insoluble chitin. 
&RPPHUFLDO ³&´ DQG LQ-KRXVH ODERUDWRU\ ³/´ SUHSDUHG FKLWRVDQ VDPSOHV
extracted from crustaceous shells with different molecular weights and degrees 
of acetylation (25% and 15%) were characterised with regards to (i) weight-
average molecular weight (Mw); (ii) sedimentation coefficient (so20,w) 
GLVWULEXWLRQDQGLLLLQWULQVLFYLVFRVLW\>Ș@Therefore, the physical properties 
estimated for chitosan provided us the basis for investigating the interaction 
with two polyanions DNA and xanthan (another double helical high molecular 
weight molecule) using the principle of co-sedimentation.    
 
5.1 INTRODUCTION 
 
Chitosan is the generic term for a family of linear, copolymeric polysaccharide 
derivatives of chitin extracted from the exoskeletons of crustaceans or the cell 
walls of Basidomycete fungi. The basic structure of chitosan consists of 2-
amino-2-deoxy-E-D-glucopyranose units linked through a E -(1,4) linkage, with 
a high degree of 1-acetylation (Figure 5.1). It is very similar to cellulose, 
except that at the C-2 position, the acetylamino group is replaced by the 
hydroxyl group (Tombs and Harding, 1998). The amine groups of chitosan are 
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much easier to protonate in an acidic medium, resulting in a positively charged 
polysaccharide with a high charge density.  This characteristic is important, as 
it makes chitosan water soluble and a potential bioadhesive, facilitating the 
binding of negatively charge macromolecules (Hejazi and Amiji, 2003). The 
diversity of chitosans in solution depends on 3 degrees of freedom, namely 
their molecular weight, degree of acetylation (DA) and also the distribution of 
acetyl group along the main chain (Venugopal, 2011).  
 
Figure 5.1: Chemical structure of chitosan. Adapted from Tombs and Harding, 
(1998). Ac=acetyl. 
 
Chitosan has many distinctive properties including biocompatibility, 
biodegradability, hemocompatiblity, antibacterial activity, nontoxic, antitumor, 
fungistatic and anticholesteremic (Rinaudo, 2006). As a result of these 
properties, chitosan has received a great deal of interest for use in the food (No 
et al., 2007), cosmetic (Ravi Kumar, 2000), and pharmaceutical industries 
(Morris et al., 2010). Additionally, specific complexes of chitosan with 
oppositely charged polyelectrolytes have yielded three-dimensional networks 
RU³K\GURJHOV´DQGWKHVHKDYHSRWHQWLDOIRUFRQWUROOHGGUXJUHOHDVHIURPGUXJ
delivery systems as well as protecting the drug from degradation in the 
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gastrointestinal tract. The efficacy and efficiency of chitosan can be altered by 
changing the chemical structure (e.g. molecular weight) and reaction 
conditions (e.g. ionic strength), which involves electrostatic interaction and 
hydrogen and hydrophobic bonds. Such interactions are attracting attention in 
biomedical research areas, in particular, drug delivery (e.g. chitosan-
carrageenan) and gene delivery (e.g. chitosan-'1$ ,O¶LQD DQG 9DUODPRY
2005; Jayakumar et al., 2010). However, understanding the behaviour of 
chitosans in the presence of other macromolecules is dependent on knowledge 
of its own molecular properties in solution, particularly how molecular weight 
and conformation impact on the behaviour of chitosans. 
The study of molecular properties such as conformation and molecular weight 
for chitosan in solution is important to comprehend its properties and functions. 
Thus, molecular weight (primarily the weight average Mw RU ³PRODU PDVV´
estimations for various chitosan preparations in solution have in the past been 
investigated using either multi-angle light scattering (MALS), or light 
scattering coupled with size exclusion chromatography, or SEC alone (Rinaudo 
et al., 1993; Berth et al., 1998; Cölfen et al., 2001). Due to the possibility of 
adverse polycationic interactions with column materials, use of a second 
independent method for molecular weight determination is nonetheless useful 
and analytical ultracentrifugation (AUC) ± which has an inherent fractionation 
property without the need for columns or membranes ± is useful in this regard 
(Fee et al., 2003), using the complementary tools of sedimentation velocity or 
sedimentation equilibrium.    
In their interactions with macromolecules and other ligands, the conformation 
of chitosans can also play an important role, and, depending on the source, 
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molecular size range, and degree of acetylation DA (or degree of de-
acetylation) conformations can range from semi-flexible to stiffer 
conformations (Cölfen et al., 2001; Fee et al., 2003; Morris et al., 2009), with 
sedimentation and viscometry also playing a key role in these evaluations. 
There is increasing interest in chitosan interactions with polyelectrolytes of 
opposite charge, for example, chitosan-mucin glycoprotein mucoadhesive 
interactions used for nasal and oral drug delivery (see, Harding, 2003; Harding, 
2006). Sedimentation velocity has been used previously to assay the efficacy of 
these interactions where results are reflected in a change in the sedimentation 
coefficient of the complex with respect to that of pure component. The 
different optical properties of the interacting components have also been 
assessed. Chitosans have also been considered along with other polycationic 
molecules for use as histone analogues for condensing DNA. 
In this study, the properties of different samples of chitosan were investigated 
in solution to assess structural integrity in terms of sedimentation coefficient, 
molecular weight, distribution of molecular weight, intrinsic viscosity and 
overall conformational flexibility. Sedimentation velocity along with 
sedimentation equilibrium in the AUC were used with SEC-MALS and 
viscometry in order to provide important information, which will support any 
strategy planned to investigate whether the interaction occurred between 
chitosan and other polyelectrolytes of opposite charge in particular DNA and 
for comparison another polyanions claimed to have a double helical 
conformation, namely xanthan. However, the degree of interaction has been 
measured by comparing the distribution/weight average of sedimentation 
coefficient for the complex to those of individual.   
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5.2 MATERIALS 
 
Commercially available chitosans (CHIT1, CHIT2, CHIT3 and CHIT4) were 
obtained from Sigma Aldrich (USA).  A further two chitosans (CHIT5 and 
&+,7 KLWKHUWR UHIHUUHG WR DV ³ODERUDWRU\ FKLWRVDQV´ ZHUH SUHSDUHG DW WKH
Teagasc Food Research Centre, Ashtown, Dublin 15, Ireland. Degrees of 
acetylation (DA) were found to be approximately 25% for CHIT1 to CHIT5 
and 15% for CHIT6, as assayed using NMR (Almutairi et al., 2015). Samples 
were used as supplied without any further purification. The chitosan samples 
were dissolved in I= 0.2 M acetate buffer (pH 4.3) with stirring for 24 h and 
used directly for all experiments. For sedimentation equilibrium experiments 
the samples were dialysed against the buffer solution overnight. DNA samples 
were kindly provided by Dr. Alan Mackie, Institute of Food Research 
(Norwich, UK) in stock solution (5.0 mg mL-1) and were diluted in phosphate 
buffered saline (PBS) at an ionic strength of 0.1 M and pH 7.4. 
A stock solution of xanthan (supplied by Dupont, Paris), referred to as 
³[DQWKDQ ± 67'´ (UWHQ HW DO  ZDV SUHSDUHG E\ GLVVROYLQJ D NQRZQ
amount in distilled deionised water, with gentle stirring for 3 hours followed by 
overnight dialysis against phosphate-chloride buffer supplemented with NaCl 
at pH 7.0 and an ionic strength of 0.1M. The concentrations, c (g mL-1) of the 
stock of chitosans and xanthan solutions were measured using an Atago 
(Japan) DD-7 refractometer calibrated with glucose standards. The mixtures of 
DNA-chitosan and xanthan-chitosan were prepared by adding equal volumes 
and concentration.  
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5.3 METHODS 
 
5.3.1 Sedimentation Velocity (SV) 
 
As before (Chapters 3 and 4) an Optima XL-I (Beckman Instruments, Palo 
Alto, USA) equipped with Rayleigh interference optics was used. Sample 
ȝO DQG UHIHUHQFHEXIIHU ȝOZHUH LQMHFWHG LQWR VDPSOH DQG UHIHUHQFH
channels, respectively, of double sector 12.0 mm optical path length cells. The 
Rayleigh interference optical system was used to record changes in the 
concentration versus radial displacement profiles with time. An initial low 
rotor speed of 3000 rpm was used to check for the presence of any large 
sedimenting species and then adjusted to a rotor speed of 40,000 rpm. The 
stanGDUGFRQGLWLRQVRIGHQVLW\DQGYLVFRVLW\RIZDWHUDWࡈ&ZHUHXVHGIRU
adjustment of the sedimentation coefficients s to s20,w values (Schachman, 
1959). The data was analysed using the SEDFIT procedure (Dam and Schuck, 
2004), which solves the Lamm equation describing the change of concentration 
distribution with radial position with time in terms of a distribution of 
sedimentation coefficients, g(s) vs s, where s is the sedimentation coefficient. 
To eliminate the effects of non-ideality (co-exclusion and any residual 
polyelectrolyte effects) a plot of the reciprocal of the sedimentation coefficient 
(1/s20,w) against concentration, c (g mL-1) was made and from the intercept at 
infinite dilution c=0, the value free of these effects was found: so20,w (units 
seconds, s, or Svedbergs, S, where 1S = 10-13s). However, the curve fitting 
module MULTIG (A. J. Rowe, NCMH) in pro FITTM (QuantumSoft, 
Switzerland) was used to yield the percentage of unreacted DNA material in 
the complexes of chitosan and DNA.  
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5.3.2 Sedimentation Equilibrium (SE) 
 
Sedimentation equilibrium experiments were performed also using the Optima 
XL-I analytical ultracentrifuge. The optical path length (12.0 mm) double-
VHFWRU FHOOV ZLWK VDSSKLUH ZLQGRZV ZHUH ORDGHG ZLWK a ȝO RI GLDO\VHG
sample and a matching amount of reference buffer dialysate in appropriate 
channels. The balanced cells were then loaded into an analytical 8-hole 
titanium rotor An50-Ti and placed in the AUC. After time was allowed for 
YDFXXPIRUPDWLRQPLFURQVDQGIRU WHPSHUDWXUHHTXLOLEUDWLRQ°C), 
the rotor was then accelerated to 10,000 rpm.  Using the Rayleigh interference 
optical system, scans were taken every one hour and equilibrium was reached 
after approximately 72 hours. Records of the relative concentration distribution 
of the solute at equilibrium was analysed to give the apparent weight average 
molecular weight Mw,app using the SEDFIT-MSTAR algorithm (Schuck et al., 
2014). To account for non-ideality, the conventional/reciprocal of the apparent 
weight average molecular weight 1/Mw,app determined over a range of 
concentrations, c, were extrapolated to zero concentration (Harding, 2005a).  
 
5.3.3 Size Exclusion Chromatography Coupled to Multi Angle 
Light Scattering (SEC-MALS) 
 
Molecular weight (weight averages) of all chitosan samples were also 
estimated by using the independent technique of SEC-MALS (Wyatt, 1992, 
2013), and considered in detail in Chapter 2.  As before the size-exclusion 
chromatography (SEC) system used comprised a series of columns, namely 
TSK G6000PW and TSK G4000PW, protected by a similarly packed guard 
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column (Tosoh Bioscience, Tokyo, Japan) coupled on-OLQHWRD³+HOLRV´PXOWL-
angle light scattering (MALS) and refractive index (OptilabrEX) detectors 
(Wyatt Technology, Santa Barbara, USA). Solutions prepared at injected 
concentrations of 0.5 mg mL-1 ZHUH ILOWHUHG WKURXJKDȝPV\ULQJH ILOWHU
(Whatman, Maidstone, England) - to remove any insoluble material or dust 
prior to being injected into the columns. The buffer was pumped at a steady, 
pulse-free flow rate of 0.8 mL min-1 through the column system.  ASTRA 
(Version 5.1.9.1) software (Wyatt Technology, Santa Barbara, U.S.A.) was 
used to analyse the data. The absolute weight average molecular weight (Mw) 
was obtained based on information of the refractive index increment value: 
chitosan dn/dc = 0.163 mL g-1 (Rinaudo et al., 1993). Because of the low 
concentrations after dilution on the columns no correction for non-ideality was 
assumed necessary, and Mw,app = Mw, the ideal weight average molecular 
weight. 
 
5.3.4 Capillary and Differential Pressure Viscometry 
 
As before (chapter 3 and 4) the relative viscosities Krel of chitosan samples in 
concentration (c) ranging from 0.1 ± 1.0 mg mL-1 were measured using a 2mL 
Ostwald viscometer at temperature of (20.00 ± 0.01) °C. The reduced (Kred= 
(Krel-1)/c) and inherent (Kinh = (lnKrel)/c) viscosities were extrapolated to 
infinite dilution to eliminate non-ideality effects using both the Huggins and 
Kraemer approaches. As an additional check, a combined relation due to 
Solomon and Ciuta was also used (see, e.g. Harding, 1997). 
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ሾߟሿ ?ሺ ? ܿ ? ሻǤ ቂ ? ቀߟ௦௣ െ ݈݊ሺߟ௥௘௟ሻቁቃଵ ଶ ?                                                               (5.1) 
Relative viscosities were also estimated from a Viscostar (Wyatt Technology) 
differential pressure viscometer linked on-line to the SEC-MALS system 
(Harding, 1997). The differential pressure drop from solution flow versus 
solvent flow yielded Krel and then the reduced viscosity Kred. Then because of 
the high dilutions from the column, the assumption that the intrinsic viscosity ~ 
reduced viscosity can be reasonably made. ሾߟሿ ?ߟ௥௘ௗ                     (5.2) 
The average [K] for the whole undistributed sample can be specified as well as 
the intrinsic viscosity [K](Ve) as a function of elution volume Ve. Because of 
the higher sensitivity of the sensors and the high dilution from the column, eqn 
5.1 was used to obtain [K] without a concentration extrapolation.  
 
5.4 RESULTS 
 
5.4.1 Sedimentation Coefficient and Sedimentation Coefficient 
Distribution 
 
Chitosan samples were first of all characterised by sedimentation velocity in 
the analytical ultracentrifuge to establish their molecular integrity using the 
least squares ls-g*(s) method of Dam & Schuck (2004). The sedimentation 
coefficient, so20,w,  yielded for all samples ranging from 1.8 S to 2.7 S as 
reported in (Table 5.1) presented different molecular weights (size). As has 
been known sedimentation coefficient principally depends on the size (as well 
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the conformation); the low molecular weight chitosan being the lowest (1.8 ± 
0.1) S and the high molecular weight chitosan being the highest (2.7 ± 0.1) S. 
These results are also within the expected range for chitosans (Cölfen et al., 
2001; Fee et al., 2003; Morris et al., 2009). Unimodal distributions were seen 
in all cases for the apparent sedimentation coefficient distributions; showing 
that the samples are homogeneous (Figure 5.2).  
 
Figure 5.2: Sedimentation coefficient distribution profiles using least squares 
g*(s) method of SEDFIT obtained from sedimentation velocity experiment for 
chitosan samples (a) CHIT1 (b) CHIT2 (c) CHIT3 (d) CHIT4 (e) CHIT5 (f) 
CHIT6. 
However, values of the weighted average s20,w increased with decrease in 
concentration, showing no evidence of associative effects. In addition the 
concentration dependence was considered even at the small range of 
concentration used, was indicative of non-ideality (Figure 3). The higher values 
of concentration dependence observed for commercial samples (CHIT1 to 
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CHIT4) but not for the laboratory-prepared samples (CHIT5 and CHIT6), 
which is reflected by very high non-ideal behaviour (Table 5.1).  
 
Figure 5.3: Concentration dependence (reciprocal) of the sedimentation 
coefficient plot (after correction to standard solvent conditions) for chitosan 
samples (a) CHIT1 (b) CHIT2 (c) CHIT3 (d) CHIT4 (e) CHIT5 (f) CHIT6. 
 
Table 5.1: Summary of VÛ20,w  and ks UHVXOWVIRUDOOFKLWRVDQ&RPPHUFLDO³&´
and in-KRXVHODERUDWRU\³/´SUHSDUHGVDPSOHV.  
Sample VÛ20,w  (S) ks (mL g-1) 
CHIT1 2.5±0.2 650±50 
CHIT2 2.7±0.2 750±70 
CHIT3 2.3±0.1 600±30 
CHIT4 1.85±0.1 300±10 
CHIT5 1.8±0.1 100±30 
CHIT6 2.4±0.1 120±30 
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5.4.2 Estimation of Molecular Weight 
 
Absolute molecular weight can be estimated using SEC-MALS as well as 
sedimentation equilibrium in the analytical ultracentrifugation. The weight 
average molecular weight of all chitosan samples initially was estimated from 
sedimentation equilibrium. Although working at low concentration (0.3 mg 
mL-1) and a reasonable ionic strength (0.2 M) helped to minimize the non-
ideality arising from co-exclusion and polyelectrolyte effect, for some 
polysaccharides (including chitosan) these effects can still be significant. The 
assumption is made that the apparent molecular weight at this loading 
concentration Mw,app ~ Mw the true or ideal weight average molecular weight is 
not valid (Harding, 2005a; Schuck et al., 2014). Consequently, such effects can 
normally be vanished by performing a series of measurements at different 
loading concentration and extrapolate back to zero concentration.  
Each chitosan sample was run at different concentration ranges from (0.5 -2.0 
mg mL-1), and weight average molecular weights were obtained using 
SEDFIT-MSTAR (see, for example Figure 5.4). The plot of Mw,app versus 
concentration for commercial samples (CHIT1 to CHIT4) gave a non-linear 
extrapolation, showed a significant concentration dependence consistent with 
non-ideal behaviour and is in agreement with sedimentation velocity results 
(Figure 5.5 a). At the same time a simple second order polynomial fit was used 
to yield the molecular weight values and are reported in (Table 5.2). Similar 
behaviour has been observed for other polysaccharides such as alginate 
(Horton et al., 1991b) and hyaluronic acid at high molecular weight (Hokputsa 
et al., 1993). 
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Table 5.2: Summary of weight average molecular weights (Mw) results for 
chitosan samples from sedimentation velocity, equilibrium and SEC-MALS. 
samples 10
-3
 x Mw  
(g mol-1)a 
10-3 x Mw  
(g mol-1)b 
10-3 x Mw  
(g mol-1)c 
CHIT1 170±10 170±5 160±10 
CHIT2 230±10 260±10 220±20 
CHIT3 130±10 140±5 120±20 
CHIT4 85±5 110±20 90±10 
CHIT5 95±10 85±5 95±10 
CHIT6 170±30 170±10 140±30 
a : molecular weight obtained from sedimentation equilibrium 
b : molecular weight obtained from SEC-MALS 
c : molecular weight obtained from sedimentation velocity and the Extended Fujita 
method 
 
 
Figure 5.4: As (Figure 4.9) but the analysis of CHIT4 at a loading 
concentration of (0.5 mg mL-1). Mw, app from extrapolation of M* to cell base = 
N'DDQGWKHPHDQLQJRIWKHILWWHGOLQHVLQ³F´DQG³G´DUHH[SODLQHGLQWKH
legend Figure 4.9. 
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Although the conventional plot of Mw, app versus concentration gave a linear 
extrapolation for the laboratory-prepared samples (CHIT5 and CHIT6), the 
results obtained were insufficient. Thus, the reciprocal plot of 1/Mw, app versus 
concentration was applied (Figure 5.5 b), and again gave a linear extrapolation, 
whilst molecular weight values are presented in (Table 5.2). 
 
Figure 5.5: Plots of the apparent weight average molecular weight (Mw,app) 
against concentration c (g mL-1): (a) the conventional plot (Mw, app vs c), the 
molecular weight (Mw) value obtained is to Mw, app = Mw +  a1c +  a2c2; (b) the 
reciprocal plot (1/Mw, app vs c), the Mw value obtained is to 1/Mw, app = 1/Mw 
(1+2BMw c), where B is the second thermodynamic virial coefficient (mL mol 
g2).  
 
However, with the SEC-MALS system the non-ideality effects are usually 
small in the experiment, due to the ability of the light scattering detector (high 
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sensitivity) for working at the low concentrations that can be injected. The 
sample concentration is diluted by the columns and becomes much lower than 
the initial loading concentration usually 0.1 mg mL-1 or less (Wyatt, 2013). 
Molecular weight versus retention time for chitosan samples obtained from 
SEC-MALS showed earlier elution times for commercial samples (CHIT1 to 
CHIT4), in contrast to that of  laboratory prepared samples (CHIT5 and 
CHIT6) despite similar molecular weights were observed (Figure 5.6).  
 
Figure 5.6: Elution profile of commercial and laboratory prepared chitosan 
samples in 0.2 M, pH 4.3, acetate buffer, (a) CHIT1 (b) CHIT2 (c) CHIT3 (d) 
CHIT4 (e) CHIT5 (f) CHIT6 (black line) examined by SEC-MALS at 
concentration 0.5 mg mL-1. The open squares correspond to SEC-MALS 
calculated molecular weights.    
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This may represent the different conformation adapted in solution for the 
commercial and laboratory prepared chitosan samples. Within experimental 
error a better agreement was observed between the two independent methods 
of sedimentation equilibrium and SEC-MALS for the weight average 
molecular weights of all chitosan samples (Table 5.2); and values are similar to 
those found previously (Errington et al., 1993; Fee et al., 2003).    
A third approach of estimating molecular weight was applied to the chitosan 
samples by transforming a distribution of sedimentation coefficient g(s) vs s 
into a distribution of molecular weight, f(M) vs M using the Extended Fujita 
method of Harding et al. (Harding et al., 2011). 
The transformation is as follows: 
 f(M) = (ds/dM). g(s)                             (5.3) 
with 
M = (s/Ns)1/b                   (5.4) 
and  
ds/dM  = b.Ns 1/b.s(b -1)/b                                (5.5) 
b is a conformation parameter that has already been estimated for chitosan (Fee 
et al., 2003) and Ns can be found from equation (5.4) provided that at least one 
value of M (e.g. Mw from sedimentation equilibrium) is known for one value of 
s (e.g. the weight average s value). The distributions so obtained (Figure 5.7) 
were again consistent with those obtained from sedimentation equilibrium and 
SEC-MALS.  
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Figure 5.7: Molecular weight distribution for all chitosan samples in 0.2 M, 
pH 4.3, acetate buffer obtained from transformation of the g(s) versus s 
distribution at concentration (0.2 mg mL-1), using the Extended Fujita method 
of Harding et al., (2011) (a) CHIT1 (b) CHIT2 (c) CHIT3 (d) CHIT4 (e) 
CHIT5 (f) CHIT6. 
 
5.4.3 Intrinsic Viscosity   
 
Intrinsic viscosity values of chitosan samples obtained using standard Ostwald 
capillary viscometry are reported in Table 5.3, and showed  in all cases a good 
linear extrapolation from the Huggins, Kraemer and Solomon ± Ciuta plots 
(Figure 5.8). Clearly the differences were seen among chitosan samples, 
resulting from different sources and preparation of these samples. The viscosity 
of the chitosan samples is also influenced by heterogeneity in molecular weight 
and degree of acetylation (Muzzarelli and Muzzarelli, 2009). The intrinsic 
Chapter 5 HYDRODYNAMIC CHARACTERISATION OF CHITOSAN AND ITS INTERACTION WITH TWO POLYANIONS: DNA AND XANTHAN 
 
164 
 
viscosity result of CHIT1 is higher than that of the CHIT2 although the 
molecular weight is less. This could be indicative of a much stiffer chain for 
the CHIT1. However, laboratory-prepared samples (CHIT5 and CHIT6) 
showed less intrinsic viscosity values compare to those of commercial samples 
in a similar range of molecular weights. This might be due to the different 
conformations of chitosan samples appearing in solution, which are influenced 
by degree of acetylation (Terbojevich et al., 1991; Wang et al., 1991).  
Table 5.3: ,QWULQVLF YLVFRVLW\ YDOXHV RI ³&´ DQG ³/´ FKLWRVDQ VDPSOHV
obtained from capillary viscometry and differential pressure viscometry 
(Viscostar in SEC-MALS). 
Sample 
Intrinsic viscosity [K] mL g-1 
Capillary viscometry 
Online 
ViscostarTM Huggins Kraemer 
Solomon-
Ciuta 
CHIT1 830±20 815±15 825±15 885±20 
CHIT2 775±50 805±20 810±25 820±5 
CHIT3 730±10 740±5 740±5 730±5 
CHIT4 440v5 430±5 435±5 500±10 
CHIT5 132±10 132±5 132±5 230±20 
CHIT6 295±10 295±5 295±5 300±20 
 
 
Table 5.3 also shows the intrinsic viscosity for chitosan samples from 
ViscoStar on-line with SEC-MALS, and is in excellent agreement with those 
yielded from capillary viscometry except for those of CHIT5 and CHIT6. The 
results of intrinsic viscosity are also within the range previously determined 
(Morris et al., 2009).   
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Figure 5.8: The intrinsic viscosity plots from capillary viscometry: Huggins, 
Kraemer and Solomon-Ciuta extrapolations for chitosan samples (a) CHIT1 (b) 
CHIT2 (c) CHIT3 (d) CHIT4 (e) CHIT5 (f) CHIT6. 
 
5.4.4 Conformational Analysis   
 
Biophysical properties such as sedimentation coefficient, intrinsic viscosity and 
molecular weight are all linked to yield a useful indicator for conformation and 
flexibility of chitosan in solution using two levels of approach: (i) general 
overall conformation types (coil, rod, and sphere) and (ii) in terms of 
persistence lengths (Lp) use for estimation of the flexibility of linear and 
flexible structures. 
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5.4.4.1 Mark-Houwink-Kuhn-Sakurada Power Law Relationship 
 
The Mark-Houwink-Kuhn-Sakurada (MHKS) relation is one of the simplest 
methods used to provide useful information of polysaccharides conformation 
and flexibility (see, Harding et al., 1991). According to the equation molecular 
weight is related to sedimentation coefficient:   
so20,w = Ks Mb                                 (5.6) 
we found an exponent b = (0.35 ± 0.06) (Figure 5.9), i.e. between the limits of 
rod (0.15) and coil (0.4-0.5). Within the error estimate the value is similar to 
those obtained previously by Cölfen et al., and Fee et al., (Cölfen et al., 2001; 
Fee et al., 2003).  
 
Figure 5.9: Mark±Houwink±Kuhn±Sakurada (MHKS) power law double 
logarithmic plot of so20,w vs Mw  for all chitosan samples.  
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Although the sedimentation coefficient is the absolute marker for conformation 
and flexibility in solution, it is still less sensitive to indicate change in 
molecular weight compared to intrinsic viscosity (Harding, 2012). However, 
taking advantage of the feature of viscostar coupled on-line to SEC±MALS 
V\VWHP DOORZHG XVLQJ 0+.6 SRZHU ODZ UHODWLRQ OLQNLQJ >Ș@ IURP WKH
9LVFRVWDUZLWKMw (from SEC±MALS):   
>Ș@ KȘ Ma                                                                                                     (5.7) 
for each elution volume of the chitosan distribution.  Figure 5.10 shows a plot 
in terms of double logarithmic of intrinsic viscosity [K](Ve) as function of 
elution volume Ve versus molecular weight, Mw(Ve) also as a function of 
elution volume Ve.  The MHKS exponents (a) obtained for each chitosan are 
reported in Table 5.4. The values of a for the chitosans are all consistent with 
semi-flexible type of molecules (the limits are 0.5-0.8 for a flexible coil, 0 for a 
compact sphere and 1.8 for a rigid rod), and again in good agreement with 
previous studies (Errington et al., 1993; Cölfen et al., 2001; Fee et al., 2003; 
Morris et al., 2009). It was previously reported that increasing the degree of 
acetylation leads to hydrogen bridges occurring between chitosan acetylated 
units, producing a more extended conformation or stiffer chain (Draget, 1996; 
Hu et al., 2007). Consequently, a lower degree of acetylation leads to a more 
flexible structure (see, also Brugnerotto, Desbrières, Roberts, and Rinaudo, 
2001). Although no clear difference was seen in the present study between the 
chitosan with the lowest DA (CHIT6) compared with the others, this may be 
because the differences in DA are relatively modest. 
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Table 5.4: Mark-Houwink-Kuhn-Sakurada (MHKS) power law exponent a, 
from SEC-MALS and Wales-van Holde ration, R for chitosan samples. 
Sample MHKS a R= ks/[K] 
CHIT1 0.98±0.01 0.75 
CHIT2 0.92±0.01 0.90 
CHIT3 0.98±0.01 0.83 
CHIT4 0.90±0.01 0.60 
CHIT5 0.70±0.01 0.45 
CHIT6 0.85±0.01 0.40 
 
 
Figure 5.10: Mark±Houwink±Kuhn±Sakurada (MHKS) power law double 
logarithmic plot from on-line differential pressure viscometery coupled to 
SEC-0$/6 7KH SORW LV RI LQWULQVLF YLVFRVLW\ >Ș@ DV D IXQFWLRQ RI HOXWLRQ
volume (ordinate) versus molecular weight Mw as a function of elution volume. 
For chitosan samples (a) CHIT1 (b) CHIT2 (c) CHIT3 (d) CHIT4 (e) CHIT5 
(f) CHIT6.  
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5.4.4.2 Wales-van Holde Ratio (R) 
 
Please refer to section 3.4.4.1. As a further check for conformation, the Wales±
van Holde (1954) ratio, R = ks/>Ș@ ZDV XVed, based on knowledge of the 
concentration-dependence coefficient, ks from sedimentation velocity 
experiment and intrinsic viscosity [K] from on-line differential pressure 
viscometery coupled to SEC-MALS. The values are reported in Table 5.4, and 
it appears that all chitosan samples are again consistent with semi-flexible 
structures (R ׽ 0.4±0.9). Also the results appear similar to those found 
previously by Cölfen et al., and Morris et al. (Cölfen et al., 2001; Morris et al., 
2009).   
  
5.4.4.3 Molecular Conformation Zoning 
 
Please refer to section 3.4.4.3. Figure 5.11 shows a molecular conformation 
zone plot of ks ML vs [s] /ML for chitosan commercial samples (CHIT1 to 
CHIT4) and in-house laboratory-prepared (CHIT5 and CHIT6). It appears that 
commercial chitosan samples adapted a rigid rod structure at zone (B), whilst 
in house laboratory-prepared at zone (C) within the range of semi-flexible 
structure. Thus, the results obtained seem to be consistent with those yielded 
from the MHKS approach, and reinforce those previously found by Morris et 
al. (Morris et al., 2009).  
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Figure 5.11: The conformation zoning plot for chitosan samples, commercial 
(CHIT1 to CHIT4) and in house laboratory-prepared (CHIT5 and CHIT6) 
adopted rigid rod structures at (zone B) and semi-flexible coil structures (zone 
C), respectively.      
 
 
5.4.4.4 Estimation of the Persistence Length Lp and Mass Per Unit Length 
ML: 
 
In terms of studying flexibility of chitosan samples, as determined in the range 
of rigid rod and semi-flexible coil structures by general conformation methods, 
more advanced analyses can now be applied. Several approaches are applied 
here to measure the chain flexibility in terms of persistence length Lp and mass 
per unit length ML (refer to section 3.4.4.4).   
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5.4.4.4.1 Bushin-Bohdanecky method 
  
In this study the Bushin-Bohdanecky method was used (refer to section 
3.4.4.4.1) to estimate both Lp and ML based on information of molecular weight 
values (from sedimentation equilibrium) and intrinsic viscosity (from on-line 
differential pressure viscometery in SEC-MALS) by appling the following 
equation (Bohdanecky, 1983; Bushin et al., 1981): 
ቀெೢమሾఎሿ ቁଵȀଷ ൌ ܣ଴ܯ௅߶ିଵȀଷ ൅ ܤ௢߶ିଵȀଷ ቀଶ௅೛ெಽ ቁିଵ ଶ ?  ܯ௪ଵȀଶ             (5.8) 
From the slope Lp can be calculated using the above equation, where,߶ is the 
Flory-Fox constant (2.86 x 1023 mol-1),  ܤ௢ taken as  ? ?Ǥ ? ?(Bohdanecky, 
1983) and ML  ? 450 g mol-1 nm-1 obtained from Morris et al., (2009). Figure 
5.12 shows a plot of  ሺܯ௪ଶ ሾߟሿ ? ሻଵ ଷ ? ݒݏܯ௪ଵ ଶ ?  for commercial chitosan and in - 
house laboratory-prepared samples in general satisfactory fits were obtained. 
Thus, from the previous plot a slope of (0.82±0.11) was obtained, and yielded 
an Lp value of (10±1) nm, which is in excellent agreement with that obtained 
by (Vold, 2004).    
 
5.4.4.4.2 Yamakawa-Fujii method 
 
Another method used for calculating the Lp is that of Yamakawa-Fujii (refer to 
section 3.4.4.4.2), which utilises information of sedimentation coefficient and 
molecular weight. Again from the slope of the plot  ݏଶ଴ǡ௪௢ ݒݏሺܯ௪ሻଵ ଶ ?  , the Lp 
and ML can be obtained but information is required about either Lp or ML using 
following equation: 
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ݏ௢ ൌ  ெಽሺଵିᛓఘ೚ሻଷగఎబேಲ ݔ ൤ ?Ǥ ? ? ?ቀ ெೢଶெಽ௅ುቁଵ ଶ ? ൅ ܣଶ ൅ ܣଷ ቀ ெೢଶெಽ௅ುቁିଵ ଶ ? ൅ ڮ ൨    (5.9) 
Figure 5.13 shows the slope of 4.9 E-13± 6.2 E-14was obtained for chitosan 
commercial and in - house laboratory-prepared samples. Consequently, 
equation 5.9 was applied with a fixed ML of   ? 450 g mol-1 nm-1 and yielded Lp 
of (18±1), which is indicative of a rigid rod type conformation and consistent 
with that previously found by Morris et al., (2009). Therefore, the result is 
considerably higher than that obtained from the Bushin-Bohdanecky method, 
but still well within the flexible rod type conformation.  
 
 
Figure 5.12: Bushin-Bohdanecky plot for commercial (CHIT1 to CHIT4) and 
in-house laboratory-prepared (CHIT5 and CHIT6) chitosan samples, where Lp 
= (10 ± 1) nm from the slope. 
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Figure 5.13: Yamakawa-Fujii plot for commercial (CHIT1 to CHIT4) and in-
house laboratory-prepared (CHIT5 and CHIT6) chitosan samples, where Lp = 
(18 ± 1) nm from the slope. 
 
5.4.4.4.3 Global analysis method (HYDFIT) 
 
It can clearly be seen that different methods can bias the results (Bohdanecky 
and Petrus, 1991; Patel, et al., 2008; Picout et al., 2002), thus a new software 
SDFNDJHQDPHO\ ³+<'),7´KDV FUHDWHGE\ 2UWHJD DQG*DUFtDGH OD7RUUH WR
resolve this problem (Ortega and García de la Torre, 2007). This algorithm 
takes into consideration data sets of both intrinsic viscosities and sedimentation 
coefficients for different molecular weights, which is used to estimate the best 
values of persistence lengths Lp and mass per unit length ML based on 
minimisation of a target function ǻ. Although estimation of the chain diameter 
d provided by the Multi-HYDFIT, it is usually fixed in the case of finding Lp 
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and ML results, because they are insensitive to d values (Ortega and García de 
la Torre, 2007; Amoros et al., 2011).  
In this study two cases have been considered to estimate both Lp and ML. 
Firstly we fixed d and treated Lp and ML as variables, thus the minimum value 
of the target function ǻ was yielded on the contour plot for each chitosan 
sample (Figure 5.14.).  
 
 
Figure 5.14: Contour plots of chitosan samples (a) CHIT1 (b) CHIT2 (c) 
CHIT3 (d) CHIT4 (e) CHIT5 and (f) CHIT6. The target function, ǻ calculated 
based on variables values of Lp and ML, and are represented on the full colour 
spectrum from blue (ǻ = 0) to red (ǻ൒0.95). 
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The values estimated are in the range 7-16 nm for Lp, whereas 390-560 Da nm-
1
 for ML, and given in Table 5.5. The small differences between chitosan 
samples in persistence length and mass per unit length are reflected in the 
intrinsic viscosity and the sedimentation coefficient. In the second case where 
both the diameter and the mass per unit length are fixed hence the persistence 
length and the minimization plots for chitosan samples are shown in (Figure 
5.15). All the values are in good agreement with those calculated when both Lp 
and ML were treated as variables (Table 5.5), and are consistent with semi-
flexible rod structure and previous studies (Berth et al., 1998; Cölfen et al., 
2001; Vold, 2004; Morris et al., 2009).   
 
Table 5.5: Summary of the persistence length Lp and the mass per unit length 
ML values for chitosan samples. 
Sample 
Lp (nm) 
ML (Da nm-1) 
a b 
CHIT1 16±0.2 16±1.0 500±30 
CHIT2 14±0.2 15±0.2 560±40 
CHIT3 10±1.0 9±1.0 400±30 
CHIT4 7.0±0.4 6.0±0.5 400±20 
CHIT5 7.0±0.1 6.5±0.1 390±40 
CHIT6 16±1.0 16±1.0 550±20 
a : calculated when both Lp and ML were treated as variables  
b: calculated when both d and ML were fixed 
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Figure 5.15: Plots of target function (ǻ) vs. persistence length (Lp) for chitosan 
samples (a) CHIT1 (b) CHIT2 (c) CHIT3 (d) CHIT4 (e) CHIT5 and (f) CHIT6.  
 
5.4.5 Interaction with Two Polyanions: DNA and Xanthan 
   
Chitosans have received considerable interest for the development of 
therapeutic drug delivery systems, due to their polycationic properties, 
biocompatibility, biodegradability and antibacterial activity. Progress has been 
made in this study on the characterisation of the hydrodynamic parameters for 
chitosan - for examples molecular weight and conformation- allowed us to 
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investigate the interaction of this substance with other polyanions 
macromolecules in particular DNA and xanthan.   
 
5.4.5.1 Chitosan-DNA Interaction 
 
We use the principle of co-sedimentation in the analytical ultracentrifuge ± 
previously successfully employed to study chitosan-mucin interactions 
(Harding 2003, 2006) ± to explore this situation further. Previously, it was 
shown that the efficacy of chitosan binding with DNA is reduced as the 
molecular weight decreased and the degree of acetylation increased (Kiang et 
al., 2004). Solutions of the two chitosan samples CHIT5 and CHIT6 with 
different molecular weights and also degrees of acetylation were studied in 
mixtures with the DNA of Mw, estimated from the Extended Fujita method of 
Harding et al (2011) to be approximately 300 kDa.  
Firstly, CHIT5, CHIT6 and DNA were characterised separately at a 
concentration of 1.0 mg mL-1 and a temperature of 20.0 0C, using analytical 
ultracentrifugation based on sedimentation velocity. Unimodal distributions 
were seen in all cases, and the apparent weight average sedimentation 
coefficient s20,w obtained for CHIT5, CHIT6 were 1.9S and 2.3S, respectively 
and 6.8S for DNA as reported in (Table 5.6). Each chitosan preparation was 
then mixed in a 1:1 w/w ratio with the DNA to a total concentration of 1.0 mg 
mL-1. A clear shift to a high s value is observed in both cases, with nothing 
sedimenting at the rate of uncomplexed chitosan suggesting that the interaction 
had gone to completion (Figure 5.16): a shoulder of the complexes observed, 
suggestive that some unreacted DNA appears remaining. Furthermore, the 
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effect of the molecular weight has appeared clearly on the interaction; showing 
a greater distribution /apparent weight average sedimentation coefficient s20, w 
for the CHIT6 (higher molecular weight) compared to that of the CHIT5 (lower 
molecular weight). The degree of acetylation effect also observed, providing a 
greater s20, w distribution at low acetylation ratio (CHIT6) compared to that of a 
higher acetylation ratio (CHIT5). Therefore, this result is in excellent 
agreement with a more recent study in which interaction of chitosan with 
oligodeoxynucleotide yielded changes in the sedimentation velocity behaviour 
of the mixture compared to controls in the analytical ultracentrifugation 
(Niebel et al., 2014).  
 
Table 5.6: Sedimentation coefficients at s20,w at a total concentration of 1.0 mg 
mL-1, for chitosan, DNA, xanthan and chitosan-DNA and chitosan-xanthan 
complexes. 
sample s20,w (S) 
%unreacted 
chitosan 
%unreacted 
DNA 
%unreacted 
xanthan 
CHIT5 1.9    
CHIT6 2.3    
DNA 6.8    
Xanthan 4.8    
CHIT5-DNA 17 0 28  
CHIT6-DNA 20 0 17  
CHIT5-xanthan 10 0  0 
CHIT6-xanthan 10 0  0 
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Figure 5.16: Normalized sedimentation coefficient distribution profiles 
obtained from sedimentation velocity experiment for unmixed controls and 
mixture for chitosan samples (CHIT5 and CHIT6) with DNA. 
 
5.4.5.2 Xanthan-chitosan Interaction 
 
Xanthan is another negatively charged polymer that can generate the strong 
and weak hydrogel form in the solution. Therefore, the characteristics of 
xanthan-chitosan hydrogels have been extensively studied for over two decades 
(Dumitriu et al., 1994; Martínez-Ruvalcaba, 2007; Shchipunov et al., 2010). 
We now reinforce this with a co-sedimentation study.   The molecular weight 
of the xanthan (xanthan-STD) was found previously to be ~3.2 x 103 kDa using 
sedimentation equilibrium in the analytical ultracentrifuge (Erten et al., 2014). 
The sedimentation velocity profile of xanthan was first characterised at 1.0 mg 
mL-1 yielding a unimodal g(s) vs s plot with weighted-average s20,w of 4.8S.  
Then the 1:1 by weight mixtures with CHIT5 and CHIT6 at a total 
concentration of 1.0 mg mL-1, were studied and the results were shown in 
Figure 5.17 and Table 5.6.  As with chitosan-DNA, all the chitosan was 
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complexed, and no residual chitosan or xanthan were left behind for both 
CHIT5 and CHIT6 complexes. Weighted average s20,w for the complexes of 
10.3S and 10.1S for CHIT5-xanthan and CHIT6-xanthan, respectively were 
obtained. 
 
Figure 5.17: Normalized sedimentation coefficient distribution profiles 
obtained from sedimentation velocity experiment for unmixed controls and 
mixture for chitosan samples (CHIT5 and CHIT6) with xanthan-STD. 
 
 
5.5 DISCUSSION  
 
Conformation in addition to molecular weight plays an important role in the 
ability to use chitosan for drug delivery and its interaction with polyanionic 
polymers (Tombs and Harding, 1998). Therefore, commercial (C) and in-house 
laboratory (L) prepared chitosan samples with different molecular weights and 
degrees of acetylation (25% and 15%) have been characterised with regard to 
their weight-average molecular weight (Mw), sedimentation coefficient (so20,w) 
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GLVWULEXWLRQ DQG LQWULQVLF YLVFRVLWLHV >Ș@ 8QLPRGDO GLVWULEXWLRQV ZHUH VHHQ
from sedimentation coefficient distributions and elution profiles from SEC-
MALS. Mw values obtained for each sample by sedimentation equilibrium 
measurements, and these were in excellent agreement with those obtained from 
SEC-MALS.  
Knowledge of the dependence of [K] with Mw now permits us to investigate the 
conformation of our chitosans. Following Tanford (1961) we make the 
reasonable assumption that complications through molecular draining effects 
and other non-conformational effects are small. Evidently, chitosan samples 
are all a consistent semi-flexible rod type conformation of molecules, with 
greater flexibility observed for CHIT5 sample. Results have been confirmed by 
the Wales-van Holde ratio and molecular conformation zoning methods. The 
discrepancy observed in the conformational flexibility of chitosan samples may 
refer to very different chemical composition, molecular weight and ionic 
strength (Varum and Smidsrød, 2004). Therefore, it is appropriate to 
characterize macromolecules using more than one hydrodynamic method. In 
terms of the persistence length different approaches (e. g. Bushin-Bohdanecky 
and Yamakawa-Fujii) have been used to estimate the flexibility of linear and 
flexible structures. Thus, results most likely adopt a semi-flexible rod type 
conformation in good agreement with those calculated from MHKS and Wales-
van Holde ratio and appear to reinforce earlier estimations by Cölfen et al., 
(2001) and Morris et al., (2009). Charactisating the physical properties of 
chitosans in solution provided important biophysical information and having 
understood their nature we can now with some confidence approach their 
behaviour in mixture with the DNA and xanthan.   
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Figure 5.18: Multi-Gaussian fit using MULTIG (locally written software, run 
XQGHUSUR)LW4XDQVRIW=XULFKD0XOWL-Gaussian fit to the CHIT5-DNA 
mixture and (b) Multi-Gaussian fit to the CHIT6-DNA mixture. With the 
routine MULTIG fitting was initially performed manually via the interactive 
Preview Window, floating the position (s value), area and standard deviation of 
each peak. 
 
The principle of co-sedimentation was then used to monitor the interactions of 
the two different molecular weights of L chitosans with two polyanions, DNA 
and xanthan (another double helical high molecular weight molecule). 
Interactions were clearly observed and quantified from the changes in the 
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sedimentation coefficient distribution of the mixture compared to unmixed 
controls using sedimentation velocity. The interactions appeared to show a 
strong dependence on molecular weight. The relevance of this for DNA 
condensation applications is indicated.  
In this regard from the shoulder of the complex, some unreacted DNA appears 
to be remaining (Figure 5.16 and 5.17). Multi-Gaussian analysis of the g(s) vs s 
distribution for the complex using the routine MULTIG suggests ~ 28% DNA 
had not interacted for CHIT5 (Figure 5.18 a) and ~17% for CHIT6 (Figure 
5.18 b). The s-distribution of the complex is very broad, even on a logarithmic 
scale, with material in excess of 100S, with the larger molecular weight 
chitosan CHIT6 showing the highest degree of complexation. With the latter 
this may prove useful for the assay of potential chitosan based materials for the 
condensation of DNA in gene therapies, particularly if used in conjunction with 
imaging probes as successfully combined in the analysis of chitosan 
mucoadhesive phenomena (Deacon et al, 2000). 
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CHAPTER 6 
 
HYDRODYNAMIC STUDIES ON A MIXTURE OF 
NON-DIGESTIBLE CARBOHYDRATES 
 
Recent work has shown that the combination (proprietary mixture) of three 
non-digestible carbohydrates namely konjac glucomannan, xanthan and sodium 
alginate involved synergistic non-covalent interactions (Abdelhameed et al., 
2010; Harding et al., 2011a; Harding et al., 2012), offering beneficial 
properties for therapeutic purposes. In this part of the study, the possibility of 
replacing the polyanionic seaweed sodium alginate with different polyanionic 
seaweed namely lambda carrageenan was investigated. Looking for a 
favourable mixture can possibly help to improve satiety and the obesity 
problem from food.   
 
6.1 INTRODUCTION 
 
Non-digestible carbohydrate ± also referred to as dietary fibre ± has always 
formed a substantial part of the human diet, however changes in diet in the last 
two hundred years has lead to a reduction in the overall intake by the 
consumer. A lack of dietary fibre intake is associated significantly with being 
overweight or obese, dyslipidemia, type two diabetes, heart disease, and 
gastrointestinal disorders (Smith et al., 2014). The constituents of dietary fibre 
are non-digestible carbohydrate and lignin, which are considered as having 
beneficial physiological effects for human health. These effects are related to 
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physical properties such as viscosity, volume and water-holding capacity. In 
particular viscous fibre reduces the incidence of coronary heart disease by 
interaction or absorption of dietary fat and cholesterol (Jenkins et al., 2000).  
A significant number of dietary fibres are obtained from seaweed (mainly agar, 
carrageenan, alginate etc.), and have been used in the human diet for at least 
three thousand years (Lahaye, 1991; Tombs and Harding, 1998). To illustrate 
this point, the market for seaweeds ± an important source of dietary fibre ± has 
been growing continuously 1-3 % per year due to their high consumption in the 
food and pharmaceutical industries (Bixler and Porse, 2011). The impact of 
seaweed on human health (e.g. obesity and diabetes) is as results of its 
behaviour in the alimentary tract such as dispersibility in water, viscosity, 
binding ability, absorptive capacity and fermentability (Kendall et al., 2010). 
Seaweed polysaccharides are just one group of dietary fibre polysaccharides: 
nowadays, interest is growing in the use of combinations of dietary fibres, 
which have a greater effect than a single fibre component. Especially for 
consumers who have an insufficient fibre intake. One particular proprietary 
product in this category, which is used as a food supplement, is 
3RO\*O\FRSOH; Į-D-glucurono-Į-D-manno-ȕ-D-manno-ȕ-D-JOXFR Į-L-
gulurono-ȕ-D-mannuURQR ȕ-D-gluco-ȕ-D-mannan (PGX®). PGX® and 
PolyGlycopleX® are both trade names belonging to InovoBiolgic Inc., 
Calgary, Alberta, Canada. PGX® is produced from a mixture of proprietary 
proportions of powders of konjac glucomannan, xanthan and alginate that has 
been subjected to a proprietary process (EnviroSimplex®) including heat input 
after mixing the solid components. The combination appears to give high 
viscosities and offers beneficial properties for therapeutic purposes (Vuksan et 
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al., 2000). The high viscosity obtained from this combination was somewhat 
unexpected, which led to the recent investigation to examine whether 
interactions were occurring between the three components considered to be 
accounting for this unexpected behaviour.   
The synergistic interaction of polysaccharide mixtures in concentrated solution 
has been well proven in rheological studies. The interaction of binary mixtures, 
for instance konjac glucomannan and xanthan has been shown that and a strong 
thermoreversible gel network is formed (Shatwell, Sutherland, Ross-Murphy, 
and Dea, 1991). A study in dilute solution using analytical ultracentrifugation 
(AUC) has supported these observations, which identified a significant 
interaction between xanthan ± as the dominant component ± and konjac 
glucomannan, but this interaction was very sensitive to the ionic strength of the 
aqueous medium (Dhami, 1996). In a recent study, changes in the 
sedimentation velocity behaviour observed for PGX® compared to unmixed 
controls of each individual component polysaccharide in AUC; showing 
alginate clearly interacts with a mixture of konjac glucomannan and xanthan 
(Abdelhameed et al., 2010). Further, combination of AUC with nuclear 
magnetic resonance (NMR) and rheological measurements indicated that the 
interactions within PGX® were clearly non-covalent, and found to be sensitive 
to the ionic environment: interactions occurred at low ionic strength (Harding 
et al., 2011a). In fundamental dilute solution viscosity studies these 
observations have been supported and the presence of the alginate appeared to 
increase the viscosity beyond what was expected for a non-interacting mixture 
(Harding et al., 2012). 
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This study was undertaken to investigate the possibility of replacing the 
polyanionic seaweed alginate with another polyanionic seaweed 
polysaccharide, namely lambda carrageenan. Whereas alginate can show 
YDULDELOLW\ LQ WHUPV RI WKHLU UHSHDW VWUXFWXUH SRO\ 0 ³PDQQXURQDWH´ SRO\ *
³JXOXURQDWH´DQGSRO\0*), lambda carrageenan offer the possibility of a more 
consistent raw material. Previous studies by the National Centre for 
Macromolecular Hydrodynamics (NCMH) laboratory have shown that some 
carrageenans engage in weak interactions with protein (see, e.g. Morris, 2001) 
and it would be important to discover whether this also applies to konjac 
glucomannan in the presence of xanthan. Taking advantage of recent advances 
in AUC (Dam & Schuck, 2004; Harding et al, 2011b; Schuck et al, 2014), 
sedimentation velocity and equilibrium were used in conjunction with SEC-
MALS and viscometry to check the molecular integrity (sedimentation 
coefficient, molecular weight and intrinsic viscosity) of individual preparations 
of lambda carrageenan, konjac glucomannan and xanthan at low ionic strength 
I (10-3M) and higher I (10-1M). The sedimentation coefficient and intrinsic 
viscosity were then determined for the mixture components at both ionic 
strengths and compared to values of a non-interacting mixture. Before we 
describe the materials and methods we firstly indicate the favourable properties 
of fibre polysaccharide konjac glucomannan, xanthan and sodium alginate, 
whereas lambda carrageenan has previously been well described in Chapter 3.  
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6.1.1 Konjac Glucomannan 
 
Konjac glucomannan is a type of neutral glucomannan heteropolysaccharide 
extracted from the tubers of Amorphophallus Konjac C. Koch (Figure 6.1). 
NRQMDF JOXFRPDQQDQ  LV D ȕ-(1,4) linked polysaccharide composed of a D-
JOXFRV\O ³*´ DQG '-PDQQRV\O ³0´ ZLWK D ORZ GHJUHH RI DFHW\O JURXSV WKDW
relate to its gel formation properties (see, for example Kök et al., 2009). The 
M:G ratio is reported as 1.6:1 and occasional branches or side chains (not 
shown in Figure 6.1) join through the C-3 carbons of the main-chain D-
glucosyl and D-mannosyl residues (Maeda et al., 1980; Katsuraya et al., 2003). 
Some researchers have reported a random distribution of these residues, 
whereas other prefers a complex non-random distribution as the basic 
polymeric repeating unit has the pattern:  -G-G-M-M-M-M-G-M- or ±G-G-M-
G-M-M-M-M- (Williams et al., 2000; Cescutti et al., 2002).  
The main chain of konjac glucomannan includes acetyl groups, while 
deacetylation occurs and a thermally stable gel is formed with application of an 
alkali. The side chains occur at intervals of (50 ± 60) units of the main chain 
DWWDFKHG E\ ȕ- (1,3) linkage. Likewise, acetate groups on carbon 6 occur at 
every 9 ± 19 units of the main chain (Maeda et al., 8QDOWHUHGOLQHDUȕ- 
(1,4) mannans and glucans (cellulose) are both insoluble in water because of 
inter-chain association through hydrogen bonding, whereas konjac 
glucomannan by contrast is water soluble. The long side chains of the 
glucomannan seem to play an important role in this solubility, which inhibits 
intermolecular association, inter-chain H-bonding and enhanced solvation (Dea 
et al., 1977; Hwang and Kokini, 1991). Otherwise, the solubility is believed 
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predominantly to be connected with the presence of the replaceable acetyl. The 
precise role of the acetyl groups in promoting solubility is still an issue of 
argument, although the elimination of these groups makes the gelation 
behaviour much easier (Maeda et al., 1980). 
 
Figure 6.1: Chemical structure of konjac glucomannan. Adapted from Kök et 
al., (2009). 
 
Konjac glucomannan is widely known as a food storage polysaccharide in 
plants, and has been cultivated for centuries in Japan (Kök et al., 2009). The 
production of Japanese shirataki noodles uses konjac glucomannan flour, 
which is very low in calories. The feeling of fullness it gives is related to the 
high viscosity of konjac glucomannan solutions that delays absorption of some 
of the nutrients in food. The high viscosity depends on an extremely high 
capacity for holding water. One gram of this soluble polysaccharide can absorb 
up to 200 mL of water (Maeda et al., 1980; Wen et al., 2008). So commonly it 
is used in absorbent material such as disposable diapers and sanitary towels. 
Many scientists have suggested that, at low concentration konjac glucomannan 
has the highest viscosity of any known dietary fibre (see, e.g. Kök et al., 2009). 
Konjac glucomannan has also been widely used in both food and 
pharmaceutical productions as a texture modifier and thickener (Kök et al., 
2009). One of its most exciting uses is in the production of DNA-advanced 
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controlled release hydrogels as an adjunctive therapeutic agent in the treatment 
of thyrotoxicosis (Azezli et al., 2007; Wen et al., 2008). It has been reported to 
give inhibition of postprandial hypoglycaemia without any drawbacks of 
unpalatability and carbohydrate malabsorption (Hopman et al., 1988). In 
addition, it has been used in dealing with glycaemia and other related risk 
factors for coronary heart disease in type II diabetes (Vuksan et al., 1999). 
 
6.1.2 Xanthan 
 
Xanthan gum, was discovered at the Northern Regional Research Laboratories 
(USA) in the 1950s, is a polysaccharides produced by the bacterium 
Xanthomonas campestris which has subsequently become a significant 
industrial biopolymer (see, e.g. Margaritis and Zajic, 1978; Dhami et al., 1995; 
Tombs and Harding, 1998; Morris and Harding, 2009). It is an extracellular 
heteropolysaccharide produced by a process involving fermentation of 
carbohydrate by the bacterium (Davidson, 1980). The primary structure of 
xanthan consists of repeating pentasaccharide units formed by two glucose, 
two mannose and one glucuronic acid unit (Figure 6.2).  
7KHPDLQFKDLQRI[DQWKDQLVFRPSRVHGRIWZRȕ-D-glucose units linked at the 
1 and 4 positions. There is great similarity between the main chain of xanthan 
and cellulose with regards to the chemical structure (Sandford and Barid, 
1983). The side chain contains two D-mannose units and a D-glucuronic acid 
unit, linked to every other glucose of the backbone at the 3 position. About 
one-half of the terminal D-mannose units have a pyruvic acid group connected 
by keto group to 4 and 6 positions. In addition, another mannose unit is linked 
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to an acetyl group at the 6 position. The consensus opinion seems to be that 
molecular xanthan has two conformations, namely a double helix and a random 
coil (Chaplin, 2009). Double stranded helical conformation could form an 
inflexible rod-like macromolecule, and this situation can occur when elongated 
single stranded chains are heated (Garcia-Ochoa et al., 2000).  The ordered 
double helical conformation converts to the single more-flexible extended 
chain after treatment for some hours at 40 ± 80oC (Symes, 1980). Variable 
strains or fermentation conditions used may give variable degrees of 
acetylation and pyruvylation and this can affect the functionality. 
 
 
Figure 6.2: Chemical structure of xanthan repeat unit indicating a trisaccharide 
side chain with pyruvalated end mannose unit. Adapted from Tombs and 
Harding (1998). 
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Solutions of xanthan can also be highly viscous and exhibit what is known as 
pseudoplastic behavior: this is behavior where the viscosity decreases with 
increasing rate of shear stress (shear thinning effect). Xanthan became a very 
useful tool for many applications (food, cosmetics, oil recovery and 
pharmaceuticals) because of its suspending, stabilizing, thickening, 
emulsifying and its pseudoplasic rheological properties (Sutherland, 1996). It is 
also known to interact synergistically with other polysaccharides, notably 
galactomannans and this leads to an increase in viscosity (Foster and Morris, 
1994; Dhami, 1996). 
 
6.1.3 Sodium Alginate 
 
Alginate is a hydrophilic colloidal carbohydrate located in the cell wall in the 
matrix of brown seaweed, which is extracted by the use of dilute alkali (Tombs 
and Harding, 1998; Rinaudo, 2008). In terms of molecular properties, alginate 
is a linear anionic polysaccharide (Figure 6.3). It is composed of (1,4) linked E-
D-mannuronic (M) and D-L-gluronic acids (G), which are arranged in 
homopolymeric sequences of (MM and GG blocks) and heteropolymeric 
sequences of (MG blocks). Additionally, the M and G residues depend on the 
biological source and state of plant maturation (Haug et al., 1967; King, 1983).  
Alginate has been widely used within food and pharmaceutical industries, 
because of its useful properties such as forming gels with calcium ions and 
retaining a significant amount of water (Pongjanyakul and Puttipipatkhachorn, 
2007). The zone rich in a GG block plays an important role in the formation of 
these gels (Tønnesen and Karlsen, 2002). The arrangement of blocks along the 
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chain and also the total uronic acid composition (M and G residues ratio) have 
strong effect on the physiological and rheological properties of alginates and 
therefore on their application for example stabilizing, thickening and gelling. 
Alginate has the ability to form complexes with cationic and anionic polymers 
such as chitosan (Lee et al., 1997; Sæther et al., 2008) and sodium starch 
glycolate (Puttipipatkhachoron et al., 2005), as well as the non-ionic polymer 
konjac glucomannan (Wang and He, 2002).   
 
 
Figure 6.3: Chemical structure of alginate. Adapted from Tombs and Harding 
(1998).  
 
 
6.2 MATERIALS 
 
All the polysaccharides lambda carrageenan, konjac glucomannan, xanthan and 
their ternary mixtures were kindly provided by Glycomix (Reading, United 
Kingdom). The lambda carragennan, lot No. 27867; konjac glucomannan, lot 
No. 4229 and xanthan gum, lot No. 2761 were studied individually. Ternary 
mixtures were mixed together in a range of compositions as received varying 
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the lambda carragennan content in a range from 0% to 30% weights whilst 
maintaining - in the remainder of the mixture - the same constant high konjac 
glucomannan to xanthan gum weight ratio as in PGX®. Samples were used as 
supplied without any further purification. All samples were dissolved in 
deionised distilled water then dialysed into phosphate-chloride buffer solution 
(PBS) at pH=7.0 and ionic strength 0.1 M and 0.001 M. The concentrations, c 
(g mL-1) of the stock solutions of all samples were measured using an Atago 
(Tokyo, Japan) DD-7 refractometer calibrated with glucose standards. 
 
6.3 METHODS 
 
6.3.1 Sedimentation Velocity (SV) 
 
Please refer to (Chapter 3 section 3.3.1). An initial low rotor speed of 3000 rpm 
was used to check for the presence of any large sedimenting species and then 
adjusted to a rotor speed of 40,000 rpm. Scans were taken at 2 minutes 
intervals for a run time of ~16 hours.   
 
6.3.2 Sedimentation Equilibrium (SE) 
 
Please refer to (Chapter 3 section 3.3.2). Only individual polysaccharides were 
examined. They were prepared at a concentration of 0.3 mg mL-1, after dialysis 
for 24 hours at the ambient temperature in phosphate-chloride buffer solution 
(PBS) at pH=7.0 and ionic strength 0.1M. The modified long (20.0 mm) 
optical path length double-sector cells with sapphire windows were loaded with 
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(~ 80 Pl) of dialysed sample and a matching amount of reference buffer 
dialysate in appropriate channels. The rotor was then accelerated to 4000 rpm 
for lambda carrageenan and konjac glucomannan. However, in the case of 
xanthan the rotor was then accelerated to 2000 rpm.  
 
6.3.3 Size Exclusion Chromatography Coupled to Multi Angle 
Light Scattering (SEC-MALS) 
 
Please refer to (Chapter 3 section 3.3.3). Solutions prepared at injected 
concentrations of 0.5 mg mL-1 ZHUH ILOWHUHG WKURXJKDȝPV\ULQJH ILOWHU
(Whatman, Maidstone, England) - to remove any insoluble material or dust 
prior to being injected into the columns. The buffer was pumped at a steady, 
pulse-free flow rate of 0.8 mL min-1 through the column system.  The 
refractive index increment value was used for data analysis; lambda 
carrageenan dn/dc = 0.116 mL g-1 (Slootmaekers et al., 1991b), whereas dn/dc 
= 0.15 mL g-1 for KGM and 0.155 mL g-1 for xanthan (Theisen et al., 2000). 
Because of the low concentrations after dilution on the columns no correction 
for non-ideality was assumed necessary, and Mw,app = Mw, the ideal weight 
average molecular weight. 
 
6.3.4 Capillary Viscometry 
 
As before (Chapter 3 section 3.3.4) the relative viscosities Krel of individual 
polysaccharides and mixtures of samples in concentration (c) ranging from 0.1 
± 1.0 mg mL-1 were measured using a 2 mL Ostwald viscometer at temperature 
of (20.00 ± 0.01) °C. The reduced (Kred= (Krel-1)/c) and inherent (Kinh = 
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(lnKrel)/c) viscosities were extrapolated to infinite dilution to eliminate non-
ideality effects using both the Huggins and Kraemer approaches. As an 
additional check, a combined relation due to Solomon and Ciuta was also used 
(see, e.g. Harding, 1997).  
ሾߟሿ ?ሺ ? ܿ ? ሻǤ ቂ ? ቀߟ௦௣ െ ݈݊ሺߟ௥௘௟ሻቁቃଵ ଶ ?                                                               (6.1) 
 
6.4 RESULTS 
 
6.4.1 Individual Polysaccharides 
 
Characterization of the physical properties of the individual polysaccharides 
(namely lambda carrageenan, konjac glucomannan and xanthan) in solution is 
provided important biophysical information, which will supported a strategy 
planned to investigate whether any interaction occurred between these 
substances or not. Thus, sedimentation coefficient, intrinsic viscosity and 
molecular weight were estimated to establish molecular integrity of these 
individual polysaccharides using analytical ultracentrifuge (AUC), size 
exclusion chromatography coupled to multi-angle laser light scattering (SEC-
MALS), and capillary viscometry.  
 
6.4.1.1 Sedimentation Coefficient and Sedimentation Coefficient 
Distribution 
 
We consider the sedimentation coefficient, s values for the individual 
polysaccharides (lambda carrageenan, konjac glucomannan and xanthan) using 
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sedimentation velocity (SV) (Table 6.1). The sedimentation coefficients, s were 
obtained for all individual polysaccharides at a series of concentrations and two 
ionic strengths (0.1M and 0.001M) using the ls-g* (s) distribution method.  
Table 6.1: Summary of VÛ20,w  and ks results for all individual polysaccharides 
samples.  
Sample VÛ20,w  (S) ks (mL g-1) 
konjac 
glucomannan 
0.1M 4.4±0.3 2000±150 
0.001M 4.4±0.4 1600±200 
lambda 
carrageenan 
0.1M 5.4±0.4 495±60 
0.001M 2.6±0.1 710±20 
xanthan 
0.1M 12.0±0.5 1510±95 
0.001M 11.0±0.8 3100±500 
 
 
Figure 6.4: Sedimentation coefficient distribution profiles using least squares 
g*(s) method of SEDFIT obtained from sedimentation velocity experiment for 
all individual polysaccharides at different ionic strengths (0.1M and 0.001M) 
konjac glucomannan (a and b), lambda carrageenan (c and d) and xanthan (e 
and f) respectively.   
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Unimodal distributions were seen in all cases for the apparent sedimentation 
coefficient distributions; show that the samples are homogeneous (Figure 6.4). 
Note that as the ionic strength is increased non-ideality effects are suppressed 
through charge shielding for lambda carrageenan and xanthan, but not konjac 
glucomannan which is uncharged. To eliminate the non-ideality effects, s 20,w 
was further extrapolated to zero concentration to obtain VÛ20,w  using the 
reciprocal plots (1/ s20,w ) vs. concentration as shown in Figures 6.5. Generally, 
this provides more reliable estimates for VÛ20,w  and the concentration 
dependence of sedimentation, ks  both are reported in (Tables 6.1).  
 
Figure 6.5: Concentration dependence (reciprocal) of the sedimentation 
coefficient plot (after correction to standard solvent conditions) for all 
individual polysaccharides at different ionic strengths (0.1M and 0.001M) 
konjac glucomannan (a and b), lambda carrageenan (c and d) and xanthan (e 
and f), respectively. 
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The results show that xanthan has the highest weight average sedimentation 
coefficient VÛ20,w  followed by lambda carrageenan and konjac glucomannan.  
This is a consequence of the sedimentation coefficient depending principally 
on the molecular weight (the larger the molecule is the larger the s) and then 
the conformation (the more extended the molecule is the lower the s). For 
example, konjac glucomannan has high solubility attributing to its long side 
chains that have intermolecular association, which contributes to its low 
sedimentation (Kök et al., 2009). In accordance to Tombs and Harding (1998), 
xanthan is a double-stranded polysaccharide with worm-like chain which 
behaves like a flexible rod and a stiff coil. Furthermore, the results of lambda 
carrageenan and xanthan describe a decrease in weight-average sedimentation 
coefficient with decreased ionic strengths, whereas konjac glucomannan was 
not affected. This behaviour is due to very little charge shielding at very low 
ionic strengths (higher non-ideality), since both lambda carrageenan and 
xanthan are strongly polyannionic and konjac is a neutral polysaccharide with 
little or no charge (Ratcliff et al., 2005).   
 
6.4.1.2 Estimation of Molecular Weight 
 
The absolute weight average molecular weight of the reaction was checked for 
each individual polysaccharide prior to them being mixed together, using SEC-
MALS as well as sedimentation equilibrium in the analytical 
ultracentrifugation. The weight average molecular weights of all individual 
polysaccharides (lambda carrageenan, konjac glucomannan and xanthan) 
initially were estimated from sedimentation equilibrium and are reported in 
(Table 6.2). Figure 6.6 presents the weight average molecular weight Mw 
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results analysed using the SEDFIT-MSTAR procedure for all individual 
samples (Schuck et al., 2014). Working at relatively low concentration (0.3 mg 
mL-1) helps to minimize the non-ideality arising from co-exclusion and 
polyelectrolyte effects.  Such a low concentration is rendered possible by using 
the modified long (20.0 mm) optical path length cells; the apparent molecular 
weight at this loading concentration Mw,app is ~Mw the true or ideal weight 
average molecular weight (Harding, 2005a; Schuck et al., 2014).  
 
Figure 6.6: Molecular weight plots for konjac glucomnannan (a and b), 
lambda carrageenan (c and d) and xanthan (e and f) using SEDFIT-MSTAR: 
log concentration lnc(r) vs. r2plot, where r is the radial distance from the centre 
of rotation; M* versus r plot the value of M* extrapolated to the cell base = 
Mw,app the apparent weight average molecular weight for whole distribution. 
 
However, values of the weight average molecular weight (Mw) for individual 
polysaccharides lambda carrageenan and xanthan obtained using SEC-MALS 
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are reported in Table 6.2. Within the error estimate the molecular weight 
results of lambda carrageenan and xanthan obtained from SEC-MALS show a 
good agreement, with those yielded from sedimentation equilibrium in 
analytical ultracentrifugation. Figure 6.7 shows plot molecular weight vs 
retention time for lambda carrageenan and xanthan which is demonstrated to be 
unimodal. Konjac glucomannan was not measured by SEC-MALS, because of 
an apparent anomalous reaction with the column material (Kök et al., 2009). 
Table 6.2: Summary of molecular weights (Mw) results for individual 
polysaccharides from sedimentation velocity, equilibrium and SEC-MALS. 
Samples 10
-3
 x Mw 
(g mol-1)a 
10-3 x Mw 
(g mol-1)b 
10-3 x Mw 
(g mol-1)c 
konjac 
glucomannan 
730±10 not determined* 800±60 
lambda 
carrageenan 
680±10 690±10 630±7 
xanthan 2700±300 2200±200 2100±150 
* : not determined due to interaction with the column 
a : molecular weight obtained from sedimentation equilibrium 
b : molecular weight obtained from SEC-MALS 
c : molecular weight obtained from sedimentation velocity and the Extended 
Fujita method 
 
Figure 6.7: Elution profile (black line) for (a) xanthan and (b) lambda 
carrageenan in 0.1M PBS examined by SEC-MALS at concentration of 0.5 mg 
mL-1. The open squares correspond to SEC-MALS calculated molecular 
weights.  
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The molecular weights for the individual polysaccharides were also estimated 
from sedimentation velocity and the Extended Fujita method and are presented 
in Table (6.2). Transforming a distribution of sedimentation coefficient (s) into 
a distribution of molecular weight was used to estimate the molecular weight 
by combining the Fujita (1961) equation f(M) = g(s).(ds/dM) with so20,w = Ks 
Mb equation in the Extended Fujita approach of Harding et al. (2011b).  
 
Figure 6.8: Molecular weight distribution for individual polysaccharides (a) 
konjac glucomannan, (b) lambda carrageenan and (c) xanthan in 0.1M PBS 
buffer obtained from transformation of the g(s) versus s distribution at 
concentration (0.2 mg mL-1), using the Extended Fujita method of Harding et 
al., (2011b).  
Figures 6.8 show f(M) versus molecular weight for all polysaccharides. 
Clearly, xanthan has the highest molecular weight followed by konjac 
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glucomannan and finally lambda carrageenan. The results from sedimentation 
velocity are in perfect agreement with those obtained from both sedimentation 
equilibrium and SEC-MALS in this study, as well with previous study 
(Harding et al., 2012).   
 
6.4.1.3 Intrinsic Viscosity   
 
The values of intrinsic viscosity obtained from the Huggins, Kraemer and 
Solomon-Ciuta extrapolation methods (using capillary viscometry) for 
individual polysaccharides are reported in Table 6.3. Figures 6.8 show the 
corresponding plots of intrinsic viscosity versus concentration (g mL-1) for 
konjac glucomannan, lambda carrageenan and xanthan, respectively.  
Table 6.3: Intrinsic viscosity values for individual polysaccharides konjac 
glucomannan, lambda carrageenan and xanthan yielded from capillary 
viscometry.   
Samples 
Intrinsic viscosity [K] (mL g-1) 
Huggins Kraemer 
Solomon-
Ciuta 
konjac 
glucomannan 
0.1M 2045±35 2820±160 2730±210 
0.001M 2420±380 2930±80 2730±190 
lambda 
carrageenan 
0.1M 1415±140 1540±70 1530±80 
0.001M 2760±190 2960±210 2940±220 
xanthan 
0.1M 3080±180 3560±90 3480±60 
0.001M 5790±670 6185±230 6240±260 
 
The results clearly show the influence of ionic strength on xanthan and lambda 
carrageenan: when it decreases the intrinsic viscosity increases. Thus, these 
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results are consistent with sedimentation coefficient; corroborating that konjac 
glucomannan was not significantly affected by changing ionic strength (Table 
6.3).  
 
Figure 6.9: The intrinsic viscosity plot from capillary viscometry: Huggins, 
Kraemer and Solomon-Ciuta extrapolations for konjac glucomannan (a and b) 
lambda carrageenan (c and d) xanthan (e and f).  
 
For both ionic strengths (0.1M and 0.001M) there is a good agreement between 
the results of intrinsic viscosity obtained from Huggins, Kraemer and 
Solomon-Ciuta extrapolations using capillary viscometry. Therefore, xanthan 
was the most viscous, followed by konjac glucomannan and then lambda 
carrageenan (at ionic strength of 0.1M), which is consistent with sedimentation 
coefficient and molecular weight results. A study by Harding and co-workers 
(2011a) showed that xanthan has a higher viscosity compared to konjac 
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glucomannan in rheological measurements. Furthermore, the viscosity of all 
individual polysaccharides gives good linear extrapolations from different 
extrapolation methods (Figure 6.9). 
 
6.4.2 Binary Mixture of Polysaccharides 
 
We now consider the interaction of konjac glucomannan and xanthan mixture 
without lambda carrageenan (C0) ± where konjac glucomannan is the major 
species ± at two different ionic strengths (0.1M and 0.001M) using analytical 
ultracentrifugation and capillary viscometry. This will provide a strong 
platform for the following experiments to examine whether there is an 
interaction between binary mixture polysaccharides and lambda carrageenan. 
The recent advances in sedimentation velocity (Dam & Schuck, 2004; Harding 
et al, 2011b) can also be utilised to reinforce the interaction observed 
previously by Dhami (1996).  
 
6.4.2.1 Sedimentation Coefficient and Sedimentation Coefficient 
Distribution 
  
The results of sedimentation velocity for the binary mixture konjac 
glucomannan and xanthan at 0.1M ionic strength are summarised in Table 6.4. 
The sedimentation coefficient, s obtained using the least squares ls-g*(s) 
method. Plot of reciprocal sedimentation coefficient, s20,w vs. concentration 
yielded a similar sedimentation coefficient, so20,w value for the  konjac 
glucomannan control (Figure 6.10a). Figure 6.11 also showed that the 
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distribution profiles of binary mixture combined with individual component 
controls at several concentrations (2.0, 1.0, 0.5 and 0.25 mg mL-1).  
 
Table 6.4: Summary of sedimentation velocity and capillary viscometry
 
results 
for the binary mixture of konjac glucomannan and xanthan samples at 0.1M 
and 0.001M. 
Property 
Binary mixture (C0) 
0.1M 0.001M 
so20,w  (S) 4.8±0.2 4.8±0.1* 
ks (mL g-1) 970±60 720±50 
[K](mL g-1) 
Huggins 1905±25 3600±35 
Kraemer 2715±50 3670±65 
Solomon-Ciuta 2720±90 3790±30 
Predicteda 2880 3430 
* : sedimentation coefficient of the main free peak 
a : predicted intrinsic viscosity if there was no interaction  
 
 
 
Figure 6.10: Concentration dependence (reciprocal) of the sedimentation 
coefficient plot ± main free peak (after correction to standard solvent 
conditions) for the binary mixture of konjac glucomannan and xanthan: (a) 
0.1M ionic strength and (b) 0.001M ionic strength  
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Figure 6.11: Sedimentation coefficient distribution profiles using least squares 
g*(s) method of SEDFIT obtained from sedimentation velocity experiment for 
the binary mixture of konjac glucomannan and xanthan with individual 
component controls at 0.1M ionic strength: (a) 2.00 mg mL-1, (b) 1.00 mg mL-
1
, (c) 0.50 mg mL-1 and (d) 0.25 mg mL-1.  
 
The values of the weight average s20,w of the binary mixture increased with 
decrease in concentration, and seems to be in the same order as for the konjac 
glucomannan control, showing no evidence of interaction at higher ionic 
strength 0.1M. However, a significant interaction product was observed with 
apparent sedimentation coefficients (3.6 S) greater than that of the highest 
sedimenting component in the controls (Figure 6.12), for the binary mixture of 
konjac glucomannan and xanthan in the absence of lambda carrageenan at low 
ionic strength. Since synergistic polysaccharide-polysaccharide interactions are 
already known from rheological studies in concentrated solution (Shatwell, 
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Sutherland, Ross-Murphy, and Dea, 1991). Therefore, the observation of 
binary mixture interaction (konjac glucomannan and xanthan) was in a perfect 
agreement with previous studies (Foster and Morris, 1994; Dhami, 1996; 
Harding et al., 2011a). In addition, increase in the sedimentation coefficient of 
free konjac glucomannan in the mixture as compared to the individual control 
is consistent with reduction in a total concentration of component (Schachman, 
1959).  
 
Figure 6.12: Sedimentation coefficient distribution profiles using least squares 
g*(s) method of SEDFIT obtained from sedimentation velocity experiment for 
the binary mixture of konjac glucomannan and xanthan with individual 
component controls at 0.001M ionic strength and concentration (2.0 mg mL-1).  
 
The apparent sedimentation coefficient values of the new product - in binary 
mixture - increased (14, 22 and 30 S) with decrease in the concentration (1.0, 
0.5 and 0.25 mg mL-1 respectively) (Figure 6.13). Further, the sedimentation 
coefficient value obtained from the reciprocal plot of the main free peak in the 
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binary mixture within the error estimate seems be similar to that found for the 
individual konjac glucomannan (Table 6.4). This finding can be explained by 
the fact that konjac glucomannan is the dominant component in the binary 
mixture.  
 
Figure 6.13: Sedimentation coefficient distribution profiles using least squares 
g*(s) method of SEDFIT obtained from sedimentation velocity experiment for 
(a) the binary mixture of konjac glucomannan and xanthan at 0.001M ionic 
strength, (b) the normalized data.  
 
6.4.2.2 Intrinsic Viscosity 
   
The intrinsic viscosity values resulting from the Huggins, Kraemer and 
Solomon-Ciuta extrapolation methods for the binary mixture of konjac 
glucomannan and xanthan (C0) investigated at both ionic strength 0.1M and 
0.001M (Figure 6.14), are also reported in Table 6.4. A clear difference was 
observed for the binary mixture (3790 mL g-1) compared to the predicted value 
for a  non-interacting mixture (3430 mL g-1) at low ionic strength 0.001M, but 
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not at 0.1M ionic strength; showing that the interaction occurred at 0.001M. 
This result is in agreement with those yielded by sedimentation velocity in 
analytical ultracentrifugation. Also it appears to reinforce the earlier 
observations obtained by (Shatwell et al., 1991; Foster and Morris, 1994; 
Dhami, 1996). Having understood the behaviour of the binary mixture of 
konjac glucomannan and xanthan we can now consider the ternary mixture 
with lambda carrageenan also present.   
 
Figure 6.14: The intrinsic viscosity plot from capillary viscometry: Huggins, 
Kraemer and Solomon-Ciuta extrapolations for the binary mixture of konjac 
glucomannan and xanthan at tow ionic strengths (a) 0.1M and (b) 0.001M. 
 
6.4.3 Ternary Mixture of Polysaccharides 
 
In order to observe the possibility of whether or not the interaction between the 
components of the ternary mixture (lambda carrageenan, konjac glucomannan 
and xanthan) occurred at two different ionic strengths (0.1M and 0.001M); 
sedimentation velocity experiment in analytical ultracentrifugation and 
capillary viscometry were used. Changes in hydrodynamic volume of the 
mixtures compared to that of individual polysaccharides were measured in 
terms of sedimentation coefficient and intrinsic viscosity.   
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6.4.3.1 Sedimentation Coefficient and Sedimentation Coefficient 
Distribution 
 
Sedimentation coefficient distributions were studied for ternary mixture 
solutions of lambda carrageenan - mixing ratio C30 to C0 - with konjac 
glucomannan and xanthan at a series concentrations and two ionic strengths 
(0.1M and 0.001M) (Figures 6.15 and 6.16, respectively). In solvent of ionic 
strength 0.1M, no clear interaction was observed for the ternary mixture at all 
mixing ratios, showing a sedimentation coefficient distribution corresponded to 
that of the lambda carrageenan control (at a ratio of C30 to C15), whereas for 
the konjac glucomannan control (C10 to C05) and reported in Table 6.5. This 
result is confirmed by the plot of the reciprocal sedimentation coefficient, 
1/s20,w vs. the concentration c; showing that values obtained for these solutions 
of mixing ratio C30 to C15 within the error estimate are similar to that of 
lambda carrageenan control, whereas konjac glucomannan at C10 to C05 
(Figure 6.17).  
Table 6.5: Summary of VÛ20,w  results for ternary mixture samples at different 
ionic strengths. 
Samples 
so20,w  (S) 
0.1M 
0.001M 
Peak 1 Peak 2 
C30 5.4±0.2 2.4±0.2 4.3±0.5 
C25 5.4±0.3 2.7±0.3 4.9±0.3 
C20 5.6±0.4 2.6±0.2 4.8±0.2 
C15 5.4±0.1 2.6±0.3 4.9±0.2 
C10 4.6±0.5 3.2±0.1 4.4±0.2 
C05 4.4±0.5 4.6±0.5 12.2±0.2 
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Figure 6.15: Sedimentation coefficient distribution profiles using least squares 
g*(s) method of SEDFIT for the ternary mixture of lambda carrageenan, konjac 
glucomannan and xanthan at 0.1M ionic strength: (a) 2.00 mg mL-1, (b) 1.00 
mg mL-1, (c) 0.50 mg mL-1 and (d) 0.25 mg mL-1. 
 
Figure 6.16: Sedimentation coefficient distribution profiles using least squares 
g*(s) method of SEDFIT for the ternary mixture of lambda carrageenan, konjac 
glucomannan and xanthan at 0.001M ionic strength: (a) 2.00 mg mL-1, (b) 1.00 
mg mL-1, (c) 0.50 mg mL-1 and (d) 0.25 mg mL-1. 
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Figure 6.17: Concentration dependence (reciprocal) of the sedimentation 
coefficient plot for the ternary mixture of lambda carrageenan, konjac 
glucomannan and xanthan at ionic strength 0.1M: (a) C30, (b) C25, (c) C20, 
(d) C15, (e) C10 and (f) C05.  
 
However, two peaks presented in the sedimentation coefficient distribution plot 
for the ternary mixture in the solution of low ionic strength 0.001M, which are 
referred to that of lambda carrageenan (mixing ratio C30 to C10) and konjac 
glucomannan (at C05) controls. Consequently, the results showed no evidence 
of an interaction occurred in the presences of lambda carrageenan at all mixing 
ratios. Figure 6.18 showed a good example for this behaviour of the ternary 
mixture for all mixing ratios (C30 to C05) combined with individual 
component controls at one concentration (0.25 mg mL-1); providing no 
significant interaction observed at this environment (I= 0.001M). Furthermore, 
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the plots of s20,w versus concentration (Figure 6.19) also showed that the values 
for the first and second peaks are similar to that for the individual component 
lambda carrageenan and konjac glucomannan, respectively at mixing ratios 
(C30 to C10), whereas similar to konjac glucomanan and xanthan at (C05). 
These are reported in Table 6.5.   
 
 
Figure 6.18: Sedimentation coefficient distribution profiles using the least 
squares g*(s) method of SEDFIT for the ternary mixture of lambda 
carrageenan, konjac glucomannan and xanthan at all mixing ratio (C30 ± C05) 
companied with  non-interacting species at 0.001M ionic strength and 0.25 mg 
mL-1.  
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Figure 6.19: Concentration dependence (reciprocal) of the sedimentation 
coefficient plots for the ternary mixture of lambda carrageenan, konjac 
glucomannan and xanthan at ionic strength 0.1M: (a) C30, (b) C25, (c) C20, 
(d) C15, (e) C10 and (f) C05.  
 
6.4.3.2 Intrinsic Viscosity 
 
Intrinsic viscosity values resulted from Huggins, Kraemer and Solomon-Ciuta 
extrapolation methods for ternary mixture solutions of lambda carrageenan 
(maxing ratio C30 to C05) with konjac glucomannan and xanthan at ionic 
strength (0.1M and 0.001M) are given in (Table 6.6). The corresponding plots 
of intrinsic viscosity [K] (mL g-1) versus concentration (g mL-1) for ternary 
mixture solutions of lambda carrageenan with konjac glucomannan and 
xanthan at ionic strength (0.1M and 0.001M) are presented in Figures 6.20 and 
6.21.  
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Table 6.6: Intrinsic viscosity values (mL g-1) for ternary mixtures of lambda 
carrageenan, konjac glucomannan and xanthan (mixing ratios C30 to C05) at 
0.1M and 0.001M ionic strengths yielded from capillary viscometry. 
 
Sample 
 
0.1M Predicted 0.001M Predicted 
C30 
Huggins 1310±20 2170±265 2270±350 2980±360 
Kraemer 1360±20 2670±130 2580±120 3400±140 
Solomon-Ciuta 1350±30 2620±170 2500±180 3290±210 
C25 
Huggins 1770±120 2228±274 3100±190 3000±375 
Kraemer 1780±100 2760±130 3100±100 3430±130 
Solomon-Ciuta 1760±110 2670±170 3120±130 3310±210 
C20 
Huggins 1420±150 2280±280 1490±300 3020±390 
Kraemer 1460±115 2840±140 1990±150 3460±130 
Solomon-Ciuta 1455±130 2770±170 1875±135 3335±210 
C15 
Huggins 1820±70 2340±290 1810±60 3040±120 
Kraemer 1815±60 2920±140 1820±60 3490±120 
Solomon-Ciuta 1810±60 2850±180 1780±80 3360±200 
C10 
Huggins 1640±65 2390±300 1990±180 3060±410 
Kraemer 1740±40 3000±140 2220±75 3520±120 
Solomon-Ciuta 1720±40 2930±190 2175±85 3385±200 
C05 
Huggins 1692±96 2444±309 1910±280 3080±420 
Kraemer 1820±25 3080±150 2490±60 3550±110 
Solomon-Ciuta 1790±40 3010±195 2360±15 3410±210 
 
However, predicted intrinsic viscosity values for the non-interacting 
components were calculated from the total percentage for each component in 
the mixture multiplied by its intrinsic viscosity, and then divided by 100. At 
both ionic strengths (0.1M and 0.001M) the intrinsic viscosity values for 
ternary mixture solution C30, C25 and C20 seem to be close to that of the 
individual lambda carrageenan species, whereas C15, C10 and C05 are close to 
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konjac glucomannan (Table 4.3). These results can be explained in terms of the 
dominant component in the ternary mixture, where lambda carrageenan has 
higher amount in C30, C25 and C20. Furthermore, the results of intrinsic 
viscosity values for mixture solutions from C30 to C05 within the error 
estimate seem be similar or lower to the predicted values for a non-interacting 
mixture at both ionic strengths. Thus, these observations show clearly no 
interaction observed within mixtures of konjac glucomannan and xanthan in 
the presence of lambda carrageenan, a finding supported by the results obtained 
from analytical ultracentrifugation based on sedimentation velocity. 
 
Figure 6.20: Intrinsic viscosity plots from capillary viscometry: Huggins, 
Kraemer and Solomon-Ciuta extrapolations for the ternary mixtures of lambda 
carrageenan, konjac glucomannan and xanthan at 0.1M ionic strength:  (a) C30, 
(b) C25, (c) C20, (d) C15, (e) C10, and (f) C05. 
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Figure 6.21: Intrinsic viscosity plots from capillary viscometry: Huggins, 
Kraemer and Solomon-Ciuta extrapolations for the ternary mixture of lambda 
carrageenan, konjac glucomannan and xanthan at 0.001M ionic strength:  (a) 
C30, (b) C25, (c) C20, (d) C15, (e) C10, and (f) C05. 
 
 
6.5 DISCUSSION  
 
The results obtained from both sedimentation velocity in analytical 
ultracentrifuge and capillary viscometry, show a significant interaction 
between binary mixture of konjac glucmannan - as dominant component - and 
xanthan, which reinforces the previous results found by (Foster and Morris; 
Dhami, 1996; Harding et al., 2011a). The interaction appears to be ionic 
strength sensitive, indicating that it is electrostatic in nature. These results 
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allowed us to determine whether the third polysaccharide ± lambda 
carrageenan ± adds a further contribution to this interaction.  
Solutions of ternary mixtures of lambda carrageenan at all mixing ratios (C30 
to C05) with konjac glucomannan and xanthan were studied using the same 
methods. The sedimentation velocity results provided no clear evidence of an 
interaction between the ternary mixtures in the presence of lambda carrageenan 
at any of the mixing ratios. In addition, the viscosity studies showed no 
enhancement in the intrinsic viscosity values for ternary mixtures compared 
with predicted values for non-interacting mixtures. Thus, results have shown 
conclusively that lambda carrageenan has not interacted in ternary mixtures 
with konjac glucomannan and xanthan at the two ionic strengths examined 
(0.1M and 0.001M). This observation was in a good agreement with the Shelso 
study (1990), as he reported no interaction occurred between konjac 
glucomannan and lambda carrageenan. These findings can be interpreted in 
terms of the structural properties of lambda carrageenan which is unable to 
form an ordered structure due to the absence of an anhydro-bridge and higher 
charge content. As previously reported that by Goycoolea and co-workers 
(1995) polysaccharides forming synergistic interactions with konjac 
glucomannan are required to have an ordered structure; this appears not the 
case for lambda carrageenan. By contrast, another carrageenan type, namely 
kappa carrageenan has the ability to form an ordered structure, hence allowing 
an interaction with konjac glucomannan and formation of synergistic gels 
(Williams et al., 1993; Pinheiro et al., 2011).  
Furthermore, alginate seaweed polysaccharides are fundamentally different 
from lambda carrageenan (Tombs and Harding, 1998). This is why, in contrast 
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to lambda carrageenen, interaction of alginate in a ternary mixture with konjac 
glucomannan and xanthan was observed using analytical ultracentrifugation 
(Abdelhameed et al., 2010) reinforced by nuclear magnetic resonance and 
rheological methods (Harding et al., 2011a): observations were supported by 
fundamental dilute solution viscosity studies, showing presence of the alginate 
appeared to increase the viscosity further (Harding et al., 2012). Other 
considerations such as the presence of mucus and mucins need also to be 
considered. 
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CHAPTER 7 
 
APPLICATION OF NEW HYDRODYNAMIC 
METHODOLOGY TO THE STUDY OF MUCIN AND 
ITS INTERACTION WITH BIOPOLYMERS IN 
SOLUTION 
 
Mucus is a complex mixture of space-filling glycoproteins covering for 
example, the alimentary and respiratory tracts and providing a protective/ 
defensive barrier. The most important component of mucus is mucin 
glycoprotein that gives mucus its high viscosity and elastic gel-like properties. 
7KH SURWHFWLYH UROH RI µPXFLQV¶ LQ JDVWULF SK\VLRORJ\ KDV DWWUDFWHG
pharmaceutical and food scientists to investigate its basic structure, viscoelastic 
properties and interactions. This part of the study initially focuses on the 
characterisation of the biophysical properties of mucin using recent advances in 
hydrodynamic analysis. Then, the possibility of interaction of mucin with PGX 
as a way of representing the mucosal environment in the alimentary tract was 
investigated.  
 
7.1 INTRODUCTION 
 
There has been growing interest in the use of biopolymers ± in particular non-
digestible carbohydrates referred to as dietary fibre ± in the pharmaceutical 
industry for therapeutic purposes such as the treatment or control of obesity, 
cardiovascular disease and type 2 diabetes (Brownlee, 2011). The 
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physiological effect of fibre is related to the high viscosity, which is associated 
with reduced rates of nutrient absorption in the lumen of the intestine. It is 
known from analytical ultracentrifugation, rheological and NMR studies that 
mixtures of non-digestible fibre carbohydrates namely PolyGlycopleX (PGX) 
interact at low ionic strength solutions (Abdelhameed et al., 2010; Harding et 
al, 2011a; Harding et al., 2012a). Consequently, there has been a suggestion 
that this sensitive interaction might be protected by mucin glycoprotein from 
the disruptive effects of higher ionic strengths and exposure to bile salts in the 
alimentary tract by the mucus.  Recent advances in biophysical methodology ± 
especially involving analytical ultracentrifugation (AUC) ± could help provide 
a better understanding of the mucosal environment in the gastrointestinal tract 
in which PGX will be in when they exert their effects.  
The adherent mucus gel layer covers the alimentary tract ± its thickness is 
generally between 150 and 700 Pm ± and is synthesized by specialized 
epithelial cells called goblet cells. It has several important functions as a barrier 
against pathogens and noxious substances, provides a layer permeable to 
exchange gases and nutrients for the underlying epithelium, and acts as a 
lubricant for the passage of objects (McGuckin et al., 2011). The mucus is 
composed primarily of water (95% ± 99% by weight) together with other 
components such as salt, lipids (e.g. fatty acids, phospholipids and cholesterol), 
SURWHLQV DQG XQFRQMXJDWHG FDUERK\GUDWHV +RZHYHU JO\FRSURWHLQ ³PXFLQ´ LV
the main component which gives the mucus its high viscosity and elastic gel-
like properties (see, for example, Bansil and Turner, 2006).  Mucin molecules 
typically have a large molecular weight ranging from 0.5 to 20 MDa. These 
glycoproteins are composed of a polypeptide backbone containing large 
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amount of carbohydrate (70 - 80%), whereas protein (15 - 25%) and ester 
sulphate (up to 5%). 
Different sources of native mucins consist of several basic unit linked together 
into linear arrays. The high and low glycosylated regions companied together 
to form a basic unit, with its low glycosylated region sensitive to proteolysis 
degradation. Thus, T-domains are a result of digestion other basic unit (of 
molecular weight approximately 400 kDa) (see, Sheehan and Carlsted, 1989).  
The disulphide bridge is used to link every third or fourth T-domain. These can 
be susceptible to the thiol reduction producing subunits of molecular weight of 
approximately 2 MDa (Harding, 2006).  
 
Figure 7.1: The principle sugars of gastrointcstinal mucins. Adapted from 
Harding (1989).  
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However, the knowledge of the primary structure of mucins is increasing and 
at present approximately 20 mucin genes - called MUC - have been sequenced 
(see, McGuckin et al., 2011). Characterisation of these genes confirmed the 
presence of large amount of serine, threonine and proline (amino acids that 
build up linear polypeptide backbone). Also sites of the O-glycosylation linked 
carbohydrate or glycan component to the hydroxyl side chains of serine and 
threonine. The carbohydrate residues are mainly galactose, fucose, N-
acetylglucosamine, N-acetylgalactosamine and sialic acid (Figure 7.1). Earlier 
biophysical studies carried out for mucin glycoproteins provided a platform of 
understanding how this polymer determine and regulate the properties of 
mucus (Bansil and Turner, 2006; Harding, 2006). 
Although analysis of mucin behaviour is critical for the understanding of its 
performance in health and disease as a physical and chemical barrier: 
determination of its hydrodynamic properties is not easy, due to its large 
molecular weight, polydispersity and high degree of glycosylation. The 
advantage of the online fractionation and analysis ability of size exclusion 
chromatography coupled to multi angle light scattering (SEC-MALS) has 
allowed us to determine the molecular weight and molecular weight 
distribution for macromolecules (Wyatt, 1992, 2013). The technique was 
applied primarily for non-ideal macromolecules such as polysaccharides in 
1991 (Harding et al., 1991; Horton et al., 1991) and the first determination on 
mucin glycoproteins was in 1996 by Jumel and co-workers (see, Jumel et al., 
1996; Jumel et al., 1997). An alternative powerful technique used to estimate 
absolute molecular weight is sedimentation equilibrium in the analytical 
ultracentrifugation (AUC) (Harding, 1989; Sheehan and Carlstedt 1989). AUC 
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has the advantage of not requiring any separation columns or membranes and 
provides a precious independent check for the results obtained from SEC-
MALS with regards molecular weight; agreement between these methods gives 
a researcher more confidence for some of the other information from SEC-
MALS (Harding, 2005). Additionally, new methodologies for analysis and 
UHSUHVHQWLQJ WKH GDWD IRU H[DPSOH WKH ³([WHQGHG )XMLWD PHWKRG´ KDV EHHQ
proven invaluable to determine the molecular weight distributions for all 
classes of macromolecules (Harding et al., 2011b), extending an earlier 
treatment of Fujita was specifically for polymers with a random coil 
conformation.  This method has been successfully applied to mucins (Gillis et 
al., 2013).    
Significant progress has been made in earlier studies on the hydrodynamic 
proprieties of mucin (e.g. molecular weights and conformation), showing that it 
adopts a random-coil like conformation in solution, which in turn occupied a 
spheroidal domain (Harding, 1989; Sheehan and Carlstedt, 1989; Jumel et al., 
1997; Deacon et al., 2000). We take advantage of the recent advances in 
hydrodynamic analysis to investigate three different preparations of mucin 
samples (isolated from pig gastric mucus) in aqueous solution. Using new 
approaches in sedimentation velocity analytical ultracentrifugation (AUC) (the 
([WHQGHG )XMLWD DSSURDFK DQG VHGLPHQWDWLRQ HTXLOLEULXP ³6('),7-
067$5´WRJHWKHUZLWKVL]HH[FOXVLRQFKURPDWRJUDSK\FRXSOHGto multi angle 
light scattering (SEC-MALS) to characterise heterogeneity and molecular 
weight distributions. The flexibility of a mucin in terms of persistence length 
(Lp) and mass per unit length (ML), can also be estimated using further 
methodological advances, namely the global conformational analysis method 
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³0XOWL-HYDFIT´ (Ortega and Garcia de la Torre, 2007) utilizing a 
combination of intrinsic viscosity and sedimentation coefficient data. The 
biophysical properties that obtained utilizing the new approaches of 
hydrodynamic analysis for mucin provides a strong platform for the following 
experiments carried out to examine whether there is an interaction between 
mucin and PolyGlycopleX (PGX) or any of its individual components.  
 
7.2 MATERIALS 
 
Three different preparations of mucin samples (Sep 13, Oct 13 and Nov 13) 
isolated from pig gastric were kindly provided in stock solutions (2.0 mg mL-1) 
by Dr Alan Mackie, Institute of Food Research, Norwich Research Park, 
Colney Lane, UK. All solutions were diluted in phosphate-buffer saline (PBS) 
at an ionic strength of 0.1M and pH  ? 7.0 to the appropriate concentrations 
required for hydrodynamic characterisations.  
PGX (lot No. 902310) and its individual components (namely konjac 
glucomannan lot No. 5217, xanthan gum lot No. 5014 and sodium alginate lot 
No. 5001) were supplied by Glycomix Ltd. (Reading, United Kingdom). 
Samples were dissolved in deionised distilled water followed by overnight 
dialysis against phosphate-chloride buffer at pH  ? 7.0 and ionic strength of 
0.1M. The mixture of mucin (Nov 13) and PGX were prepared at different 
ratio 1:1 to 5:1.  
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7.3 METHODS 
 
7.3.1 Sedimentation Velocity (SV) 
 
Please refer to (Chapter 3 section 3.3.1). An Optima XL-I (Beckman 
Instruments, Palo Alto, USA) equipped with Rayleigh interference and 
absorbance optical systems, was used. An initial low rotor speed of 3000 rpm 
was used to check for the presence of any large sedimenting species and then 
adjusted to a rotor speed of 30,000 rpm for all individual mucin samples and 
the mixture of mucin (Nov 13) with PGX. Scans were taken at 2 minutes 
intervals for a run time of ~16 hours.   
 
7.3.2 Sedimentation Equilibrium (SE) 
 
Please refer to Chapter 3 section 3.3.2. The individual mucin (Sep 13, Oct 13 
and Nov 13) only were examined, and were prepared at different 
concentrations, after dialysis for 24 hours at the ambient temperature in 
phosphate-chloride buffer solution (PBS) at pH=7.0 and ionic strength 0.1 M. 
The modified long (20.0 mm) optical path length double-sector cells with 
sapphire windows were loaded with (~ 80 Pl) of dialysed sample and a 
matching amount of reference buffer dialysate in appropriate channels. The 
rotor was then accelerated to 4000 rpm. Equilibrium data was analysed using 
SEDFIT-MSTAR (Schuck et al., 2014). To account for non-ideality, the 
conventional/reciprocal of the apparent weight average molecular weight 
1/Mw,app determined over a range of concentrations, c, were extrapolated to 
zero concentration (Harding, 1992).  
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7.3.3 Size Exclusion Chromatography Coupled to Multi Angle 
Light Scattering (SEC-MALS) 
 
Please refer to Chapter 3 section 3.3.3. Mucin samples (Sep 13, Oct 13 and 
Nov 13) injected at concentrations of 2.0 and 1.0 mg mL-1 were filtered 
WKURXJKDȝPV\ULQJHILOWHU:KDWPDQ0DLGVWRQH(QJODQG - to remove 
any insoluble material or dust prior to being injected into the columns. The 
buffer was pumped at a steady, pulse-free flow rate of 0.8 mL min-1 through 
the column system. The refractive index increment value used for data analysis 
for the mucin dn/dc = 0.165 mL g-1 (Jumel et al., 1997). Because of the low 
concentrations after dilution on the columns no correction for non-ideality was 
assumed necessary, and Mw,app = Mw, the ideal weight average molecular 
weight. 
 
7.3.4 Differential Pressure Viscometry 
 
A Viscostar (Wyatt Technology) differential pressure viscometer linked on-line 
to the SEC-MALS system was used to estimate the relative viscosities Krel for 
mucin samples (see, Harding, 1997). Information about the relative and 
reduced viscosities is obtained based on the differential pressure drop from 
solution flow versus solvent flow. The assumption of the intrinsic viscosity ~ 
reduced viscosity can be made, due to the high dilutions from the column. The 
average [K] for the whole undistributed sample can be specified as well as the 
intrinsic viscosity [K] (Ve) as a function of elution volume Ve.   
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ሾߟሿ ?ሺ ? ܿ ? ሻǤ ቂ ? ቀߟ௦௣ െ ݈݊ሺߟ௥௘௟ሻቁቃଵ ଶ ?                                                             (7.1) 
Because of the high sensitivity of the sensors and the high dilution from the 
column, eqn 7.1 was used to obtain [K] without a concentration extrapolation. 
 
7.4 RESULTS 
 
7.4.1 Sedimentation Coefficient and Sedimentation Coefficient 
Distribution 
 
The sedimentation coefficient, s20,w results for mucin samples (Sep 13, Oct 13 
and Nov 13) were obtained by sedimentation velocity in the analytical 
ultracentrifugation using the least squares ls-g*(s) distribution method and are 
reported in Table 7.1. The apparent sedimentation coefficient distributions in 
all cases appear to be bimodal ± particularly the Oct 13 sample ± and showed 
that the samples are heterogeneous (Figure 7.2). In addition, the ls-g*(s) 
distribution also displayed for all samples a classical linear increase in the 
values of weighted average s20,w with decrease in concentration.  
Table 7.1: Summary of so20,w  and ks results for all mucin samples.  
Sample VÛ20,w  (S) ks (mL g-1) 
Sep 13 18±1 190±25 
Oct 13 
Peak 1 8.0±0.4 275±45 
Peak 2 13±1 150±20 
Nov 13 21.0±0.6 960±70 
 
Values of so20,w provided information about the size (molecular weight) of 
mucin samples; showing that the mucin of Oct 13 had the lowest sedimentation 
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coefficient so20,w of 8.0±0.4S and the mucin of Nov 13 had  the highest at 
21.0±0.6S. These results are also within the sedimentation coefficient range of 
mucins obtained previously (Sheehan and Carlstedt, 1989; Dodd et al., 1998; 
Gillis et al., 2013).  
 
Figure 7.2: Sedimentation coefficient distribution profiles using least squares 
g*(s) method of SEDFIT obtained from sedimentation velocity experiment for 
all mucin Sep 13, Oct 13 and Nov 13 (a, c and e), and normalised plots (b, d 
and f) respectively.   
 
 
The mucin samples exhibited considerable non-ideality effects due to their 
large volumes. To correct for that s20,w was further extrapolated to zero 
concentration to obtain so20,w  using the reciprocal plots (1/ s20,w) vs. 
concentration as shown in Figure 7.3. These plots are used to gives more 
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reliable estimates for so20,w , and to also help determine the concentration 
dependence of sedimentation, ks .  
These values are reported in Table 7.1. The plots confirmed the linear increase 
in the value of sedimentation coefficient with decrease in concentration. The 
concentration dependence, ks values obtained for Nov 13 and the main peak of 
Oct 13 samples are in broad agreement with those yielded by Sheehan and 
Carlstedt (1989) for the samples have similar so20,w. On the other hand the Sep 
13 sample showed a lower ks value. This may reflect a difference on the 
conformation of mucin sample, since ks depends on the shape of sedimenting 
species the less spherical the shape of solute the higher the value of ks 
(Harding, 2005b).  
 
Figure 7.3: Concentration dependence (reciprocal) of the sedimentation 
coefficient plot (after correction to standard solvent conditions) for all mucin 
samples (a) Sep 13, (b) Oct 13 and (c) Nov 13.  
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7.4.2 Estimation of Molecular Weight 
 
Weight average molecular weights for all mucin samples (Sep 13, Oct 13 and 
Nov 13) were initially obtained using SEC-MALS, and are reported in Table 
7.2. The chromatogram shows two traces, first from the light scattering 
detector at 900, and second from the viscostar detector (Figure 7.4). Both 
chromatograms present clearly two peaks for the Sep 13 and Oct 13 mucin 
samples, whereas the second peak of Nov 13 is sufficiently pronounced to be 
observed by the (high sensitive) viscostar detector.  
Table 7.2: Summary of weight average molecular weight (Mw) results for 
mucin samples from sedimentation velocity, equilibrium and SEC-MALS. 
Samples 
10-4 x Mw  
(g mol-1)a 
10-4 x Mw 
(g mol-1)b 
10-4 x Mw (g mol-1)c 
Peak 1 Peak 2 
Sep 13 360±10 380±25 370±30 49±5 
Oct 13 110±5 130±6 200±10 66±2 
Nov 13 510±30 710±90 720±50 27±4 
a : molecular weight obtained from sedimentation velocity and the Extended Fujita 
method 
b : molecular weight obtained from sedimentation equilibrium 
c : molecular weight obtained from SEC-MALS 
 
Results indicating that the samples are heterogeneous are in excellent 
agreement with the sedimentation coefficient distribution data. The second 
peak yielded for mucin samples ± especially Sep 13 and Oct 13 ± might be a 
manifestation of lower molecular weight breakdown products. The broader 
distribution observed for the Nov 13 mucin however, is indicative of a 
presence of higher molecular weight materials.  
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Figure 7.4: Elution profile for the three mucin samples at a loading 
concentration of 1.0 mg mL-1. The red dot indicates light scattering at a 
scattering angle of 900 (nb the full scattering envelope was used) and the black 
indicates specific viscosity.  
 
Although all the mucin samples had been isolated from the porcine small 
intestine and purified using the same technique, different weight average 
molecular weights were obtained (see Table 7.2). The difference has also been 
observed based on the trace of voltage signal. Nov 13 mucin has the highest 
signal of the three at a similar concentration 1.0 mg mL-1 (Figure 7.5)However, 
molecular weights versus retention times for mucin samples shows that a 
similar elution time exists for the two peaks observed (Figure 7.6). Generally, 
molecular weight, Mw values of the main and additional peaks showed that Nov 
13 has the highest Mw, followed by Sep 13 and then Oct 13 (Table 7.2), and 
consistent with results obtained previously (Sheehan and Carlstedt, 1989; 
Jumel et al., 1996; Fogg et al., 1996). The additional peak could indicate again 
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low molecular weight components, and possible resulted from the present of 
any protease activity in the preparation (Jumel et al., 1996).  
  
Figure 7.5: Elution profiles for the three mucin samples (Sep 13, Oct 13 and 
Nov 13) at concentration 1.0 mg mL-1.  
  
 
Figure 7.6: Elution profiles for the three mucin samples Sep 13 (black line), 
Oct 13 (red line) and Nov 13 (green line) examined by SEC-MALS at 
concentration 1.0 mg mL-1. The horizontal black (open square), red (open 
circle) and green (up triangle) lines correspond to SEC-MALS calculated 
molecular weights for mucin samples Sep 13, Oct 13 and Nov 13, respectively.   
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Absolute weight average molecular weight can be estimated also using 
sedimentation equilibrium in the analytical ultracentrifuge. The effect of non-
ideality arising from co-exclusion and polyelectrolyte behaviour is still 
significant, even though the measurement carried at low concentration (0.3 mg 
mL-1) and a reasonable ionic strength (0.1M). Working at a series of 
measurements at different loading concentrations and extrapolating back to 
zero concentration was therefore performed to range of concentrations from 
(0.25 - 2.0 mg mL-1), and weight average molecular weights were obtained 
using SEDFIT-MSTAR (see, for example Figure 7.7).  
 
Figure 7.7: As (Figure 4.9) but the analysis of Sep 13 mucin at a loading 
concentration of (0.5 mg mL-1). Mw, app from extrapolation of M* to cell base = 
N'DDQGWKHPHDQLQJRIWKHILWWHGOLQHVLQ³F´DQG³G´DUHH[SODLQHGLQ
the legend Figure 4.9.  
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The reciprocal plot of Mw,app versus concentration for all mucin samples (Sep 
13, Oct 13 and Nov 13) gave a linear extrapolation and the values yielded are 
presented in Table 7.2, showed significant concentration dependence consistent 
with non-ideal behaviour and is agreement with sedimentation velocity results 
(Figure 7.8). Results were consistent with those from SEC-MALS, and values 
are similar to previous studies (Sheehan and Carlstedt, 1989; Jumel et al., 
1996; Fogg et al., 1996).  
 
Figure 7.8: The reciprocal plots of the apparent weight average molecular 
weight (Mw,app) against concentration c (g mL-1) for mucin samples (a) Sep 13, 
(b) Oct 13 and (c) Nov 13.  
 
Transforming a distribution of sedimentation coefficient g(s) vs s into a 
distribution of molecular weight, f(M) vs M  was used as further methods for 
Chapter 7 APPLICATION OF NEW HYDRODYNAMIC METHODOLOGY TO THE STUDY MUCIN AND ITS INTERACTION WITH BIOPOLYMERS IN SOLUTION 
 
237 
 
estimating the molecular weight distribution of the mucin samples using the 
Extended Fujita method (Harding et al., 2011b). The distributions so obtained 
(Figure 7.9) were again consistent with those obtained from sedimentation 
equilibrium and SEC-MALS (Table 7.2). 
 
Figure 7.9: Molecular weight distribution for all mucin samples obtained from 
transformation of the g(s) versus s distribution at concentration (0.25 mg mL-1), 
using the Extended Fujita method of Harding et al., (2011) (a) Sep 13 (b) Oct 
13 and (c) Nov 13. 
 
7.4.3 Intrinsic Viscosity  
 
Intrinsic viscosity values for the mucin samples (Sep 13, Oct 13 and Nov 13) 
were obtained using the on-line differential pressure viscometry measurements 
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with SEC-MALS. The profile of intrinsic viscosity vs elution time for all 
mucin samples again confirmed the bimodal behaviour (Figure 7.10), and the 
results for both peaks are reported in Table 7.3.  
 
 
Figure 7.10: Elution profiles for the three mucin samples: Sep 13 (black line), 
Oct 13 (red line) and Nov 13 (green line) examined by SEC-MALS at 
concentration 1.0 mg mL-1. The horizontal black (open square), red (open 
circle) and green (up triangle) lines correspond to SEC-MALS calculated 
intrinsic viscosity for mucin samples Sep 13, Oct 13 and Nov 13, respectively. 
 
The results mostly showed that the Nov 13 mucin has the highest intrinsic 
viscosity followed by Sep 13 and then Oct 13. The results were also in 
excellent agreement with molecular weight and sedimentation coefficient data, 
as well as with a previous study by (Sheehan and Carlstedt, 1989).  
 
Chapter 7 APPLICATION OF NEW HYDRODYNAMIC METHODOLOGY TO THE STUDY MUCIN AND ITS INTERACTION WITH BIOPOLYMERS IN SOLUTION 
 
239 
 
Table 7.3: Intrinsic viscosity and MHKS power law exponent a, values for 
mucin samples yielded using the Viscostar in SEC-MALS. 
Sample 
Intrinsic viscosity [K] 
(mL g-1) 
MHKS  (a) 
Peak 1 Peak 1 
>  ?1.0 x 106 
Mw 
<  ?1.0 x 106 
Mw 
Sep 13 760±8 110±2 1.0±0.02 0.4±0.01 
Oct 13 550±4 60±1 1.0±0.01 0.3±0.002 
Nov 13 800±2 230±0.5 0.9±0.002 0.4±0.002 
 
 
7.4.4 Conformational Analysis   
 
Characterisation of the mucin conformation in dilute solution also provided 
important underpinning information before studying its molecular interactions 
and how it can be involved in the viscous and gelling properties, which are 
responsible for its protective and lubricating functions. Hydrodynamic 
properties ± sedimentation coefficient, molecular weight and intrinsic viscosity 
± however, helped us to estimate the conformation and flexibility of 
macromolecules in solution using two levels of approach: (i) general overall 
conformation types (coil, rod, and sphere) and (ii) in terms of persistence 
lengths use for estimation flexibility of linear and flexible structures.    
 
7.4.4.1 Mark-Houwink-Kuhn-Sakurada Power Law Relationship: 
 
The conformation of mucin samples were investigated based on knowledge of 
the dependence of [K] with Mw. Following Tanford (1961) we make the 
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reasonable assumption that complication through molecular draining effects 
and other non-conformation effects are small. The feature of viscostar coupled 
to on-line fractionation SEC-MALS system allowed us to characterise the 
FRQIRUPDWLRQXVLQJ0+.6SRZHUODZUHODWLRQOLQNLQJ>Ș@9LVFRVWDUDQG
Mw (from SEC±MALS) as following:  
>Ș@ KȘ M a                                                                                                    (7.2) 
Double logarithmic plots of intrinsic viscosity [K] (Ve) versus molecular weight 
Mw (Ve) both as function of elution volume Ve for all mucin samples (Sep 13, 
Oct 13 and Nov 13) shown in (Figure 7.11).  
 
Figure 7.11: Mark±Houwink±Kuhn±Sakurada (MHKS) power law double 
logarithmic plot for mucin samples (a) Sep 13, (b) Oct 13 and (c) Nov 13 from 
on-line differential pressure viscometery coupled to SEC-MALS. The plot is of 
LQWULQVLF YLVFRVLW\ >Ș@ DV D IXQFWLRQ RI HOXWLRQ YROXPH RUGLQDWH YHUVXV
molecular weight Mw as a function of elution volume.  
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Non-linear plots observed for all mucin samples indicating that, they adapted 
more than one conformation (Tombs and Harding, 1998). The polymer chains 
of these samples appear to show a change in conformation with molecular 
weight:  those <  ?1.0 x 106 Mw appear to be a more coiled form, and with those 
>  ?1.0 x 106 Mw in a more linear semi-flexible type conformation. The 
behaviour seen here for mucin samples is similar to that observed for 
polysaccharides amylose (Rollings, 1992) and pectin (Fishman et al., 2001). 
The exponents (a) yielded for all mucin samples are reported in (Table 7.3) and 
in general suggested a linear macromolecule in overall of a random coil 
conformation and in good agreement with previous studies (Harding et al., 
1983; Sheehan and Carlstedt, 1984; Jumel et al., 1997).   
 
7.4.4.2 Estimation of the Persistence Length Lp  and Mass Per Unit Length 
ML: 
 
The assessment of the conformational flexibility of a polydisperse system - 
using mucin glycoproteins as an example - is crucial for a proper understanding 
of its behaviour in situ, which is commanded the physical properties (e. g. 
viscoelastic) in such system. Several approaches are applied here to measure 
the chain flexibility in terms of persistence length Lp and mass per unit length 
ML (refer to section 3.4.4.4). 
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7.4.4.2.1 Bushin-Bohdanecky method 
  
The estimation of Lp and ML using the Bushin-Bohdanecky method (refer to 
section 3.4.4.4.1) requires the molecular weight and intrinsic viscosity data ± in 
this study the data obtained from on-line differential pressure viscometery 
coupled to SEC-MALS. The following equation was applied (Bohdanecky, 
1983; Bushin et al., 1981): 
 ቀெೢమሾఎሿ ቁଵȀଷ ൌ ܣ଴ܯ௅߶ିଵȀଷ ൅ ܤ௢߶ିଵȀଷ ቀଶ௅೛ெಽ ቁିଵ ଶ ?  ܯ௪ଵȀଶ                            (7.3) 
Using a plot of ሺܯௐଶ ሾߟሿ ? ሻଵ ଷ ? ݒݏܯௐଵ ଶ ?  yielded slopes of (1.56±0.01) for Sep 
13, (1.68±0.01) for Oct 13 and (1.76±0.01) for Nov 13 for each mucin samples 
(Figure 7.12). From the slope Lp can be calculated using the above equation, 
where,߶ is the Flory-Fox constant (2.86 x 1023 mol-1),  ܤ௢ taking as  ? ?Ǥ ? ?(Bohdanecky, 1983) and ML  ? 3000 g mol-1 nm-1 obtained from 
(Carlstedt et al., 1993). In this way, Lp has been estimated as (17±1), (15±1) 
and (14±1) for the mucins Sep 13, Oct 13 and Nov 13, respectively; showing 
that Nov 13 more flexible whereas Sep 13 exhibits less flexibility. Results in 
general are consistent with that obtained previously using electron microscopy 
(Stokke et al., 1987). However, utilizing the more traditional Bushin±
Bohdanecky analysis alone is not sufficient which may lead obtain incorrect 
results, since it depend on the knowledge of the mass per unit length, ML. 
Therefore, it is more appropriate to determine the conformation flexibility of 
macromolecules using different approaches.     
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Figure 7.12: Bushin-Bohdanecky plots for mucin samples (a) Sep 13, (b) Oct 
13 and (c) Nov 13, where Lp (17±1) nm, (15±1) nm and (14±1) nm, 
respectively.  
 
 
7.4.4.2.1 Global analysis method (HYDFIT) 
 
In study of the mucin samples (Sep 13, Oct 13 and Nov 13) we used the 
sedimentation coefficient, intrinsic viscosity and molecular weight data points 
as input in Multi-HYDFIT (refer to section 3.4.4.4.3), and then optimizes the 
parameters in order to find the minimisation of the target function, based on the 
following equation: 
ȟଶሺܮ௉ǡ ܯ௅ ǡ ݀ሻ ൌ  ଵேೞ   ? ቈሺ ? ௒ܹ௒ ሻିଵ   ? ௒ܹ௒ ൬௔ೊሺ೎ೌ೗ሻି௔ೊሺ೐ೣ೛ሻ௔ೊሺ೐ೣ೛ሻ ൰ଶ቉ேೞ௜ୀଵ                (7.4) 
The results of Lp, ML and d parameters obtained for the mucin samples are 
reported in (Table 7.4). Although it has been theoretically known the 
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equivalent random coil Lp = 0, and the extra-rigid Lp  WKHPRUHDSSURSULDWH
values in practice are limits of  ~  1 nm for the random coils (e.g. pullulan) and 
~ 200 nm for an extra-rigid rod (e.g. DNA) (Tombs and Harding, 1998). 
Consequently, the Lp values estimated are  ?2.4, 7.6 and 11 for Sep 13, Oct 13 
and Nov 13, respectively suggestion that all samples are presented in the region 
of flexible (linear random coil). The differences can be observed among the 
mucin samples; Sep13 mucin has shown the more flexible chain followed by 
Oct13 then Nov13 the less flexible chain. An excellent agreement furthermore 
was obtained between the values of the ML with those found of the Lp in regard 
the flexibility.  
Table 7.4: Summary of the results obtained from Multi-HYDFIT for mucin 
samples.  
Sample Lp (nm) ML (Da nm-1) d (nm) 100x' L/L;p 
Mucin 
Sep 13 2.4±0.1 310±70 1.4±0.1 7.0% 40 
Oct 13 7.6±0.5 1000±40 6.0±0.8 4.3% 4 
Nov 13 11±1 2750±400 10±0.5 3.5% 6 
 
 
It can clearly be seen that the stiffness of the worm-like Nov13 and Oct 13 
mucin chains increase with increasing the values of ML and d. This is most 
likely because of the distribution reported for the block-wise (e.g. hairy and 
smooth regions) of oligosaccharide residues along the glycosylated and non-
glycosylated regions of mucin structure. Note that the highest values of ML 
reflect the great amount of oligosaccharide, whilst highest values of d indicate 
an extended oligosaccharide side chain. The results, listed in Table 7.4, 
mention that these mucin (Nov 13 and Oct 13) are consistent with a slightly 
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stiff linear random coil due to the amount and extended of oligosaccharide side 
chain.  Consequently a model propose based on the original scheme given by 
Jumel et al. (1997), showing the effect of the oligosaccharides on the mucin 
flexibility (Figure 7.13).   
 
Figure 7.13: Schematic view for a linear random coil model of mucin, showing 
the influence of the oligosaccharide on the macromolecule flexibility.  
 
The results for the mucin samples are presented in (Table 7.4), which indicated 
that Sep 13 exhibits high flexibility chain, while Nov 13 and Oct 13 chains 
look like a bending rod with less flexibility consistent with Lp results. The 
persistence lengths, Lp and mass per unit lengths, ML of mucin samples (Sep 
13, Oct 13 and Nov 13) are represented as contour plot, where the full colour 
spectrum ranging from blue to red indicted for the values of target function, '. 
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The dependence of ' on the Lp, ML and d were used to understand the 
sensitivity of the fit to each parameter, which is clarified by means of the 
contour plots as shown in Figure 7.14. In this plot the target function is 
calculated over the range of values for Lp (x-axis) and ML (y-axis). Therefore, 
with regard fixing chain diameter, d and ML the best estimates for the Lp of 
mucin Sep 13, Oct 13 and Nov 13 are the minimum values of the target 
function, and found in the range of (2.0, 7.5 and 11, respectively) in excellent 
agreement with those calculated when Lp and ML treated variable (Figure 7.15). 
Further, an excellent overall achieved for the typical percent deviation 100', 
calculated based on the typical difference between the calculated and 
experimental values of the whole data point sets, as it shown in (Figure 7.16).   
 
Figure 7.14: Contour plots of the mucin samples (a) Sep 13, (b) Oct 13 and (c) 
Nov 13. The target function, ǻ calculated based on variables values of Lp and 
ML, and are represented on the full colour spectrum from blue (ǻ = 0.005) to 
red (ǻ൒0.65).   
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Figure 7.15: Plots of target function (') vs. Persistence length (Lp) for the 
mucin samples (a, b and c) Sep 13 (2.0±0.1), Oct 13 (7.5±0.5) and Nov 13 
(11±1), respectively.  
 
 
Figure 7.16: Plots of the experimental and calculated values for the intrinsic 
viscosity of the mucin samples (a, b and c) Sep 13, Oct 13 and Nov 13, 
respectively. 
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7.4.5 Interaction with Biopolymer Mixtures: PolyGlycopleX 
(PGX) 
   
First of all PolyGlycopleX (PGX) and its individual components ± konjac 
glucomannan (KGM), xanthan and alginate ± were characterised separately to 
establish their molecular integrity using sedimentation velocity in the analytical 
ultracentrifuge. The apparent weight average sedimentation coefficient, s20,w 
for all samples were obtained at concentration of (0.5 mg mL-1) and ionic 
strength of (0.1 M), presenting a unimodal distribution at all cases (Figure 
7.17). Under these conditions PGX has s20,w  of   ?2.6S, KGM,   ?2.4S, xanthan,   ?6.4S and alginate   ?2.1S.   
 
Figure 7.17: Apparent sedimentation coefficient distribution profile using least 
squares g*(s) methods for PGX and its individual components at loading 
concentration 0.5 mg mL-1 and high ionic strength 0.1M.  
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In this study a solution of mucin sample particularly Nov 13 was mixed with 
PGX and its individual components solutions in 1:1 V/V ratio to a total 
concentration 0.5 mg mL-1 and I= 0.1 M; then the sedimentation coefficient 
distributions were obtained for the mixtures (Figure 7.18).  
 
 
Figure 7.18: Apparent sedimentation coefficient distribution profile using the 
least squares g*(s) methods for the mixture of mucin with (a) PGX, (b) KGM, 
(c) xanthan and (d) alginate at a loading concentration 0.5 mg mL-1 and high 
ionic strength 0.1 M. 
 
From the plots of ls-g*(s) vs s, two peaks were observed for the mixture of 
mucin with KGM, xanthan and alginate separately, which corresponded to 
individual component controls; these showed no evidence of interaction here. 
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Therefore, the free mucin in all cases of the mixture showed a reduction in the 
sedimentation coefficient compared to the individual control, which may 
represent a high concentration of the mixture (Schachman, 1959). However, 
profile of sedimentation coefficient distribution for the mixture of mucin with 
PGX yielded a second peak, which is disappeared in the case of PGX alone at 
the same ionic strength (0.1M). The peak observed here is similar to that 
obtained for PGX at low ionic strengths by Abdelhameed et al., and Harding et 
al., (Abdelhameed et al., 2010; Harding et al., 2011a). This behaviour seen 
here might be suggested that; mucin has protected the interaction observed 
previously for PGX at low ionic strength.  
In a further investigation, the presence of the second peak was examined at the 
same mixing ratio (1:1) but different concentrations; scans were taken using 
both interference and absorbance optical systems in the analytical 
ultracentrifuge (Figure 7.19). The interference data showed a linear increase in 
sedimentation coefficient distribution with decrease concentration for the 
mixture exhibited concentration dependence, and also the second peak 
observed in all concentrations. However, the absorbance data presented only 
the mucin sample which has the apparent sedimentation coefficient similar to 
that in the interference data; confirming the second peak is related to the PGX. 
Furthermore, the mixture of mucin with PGX was investigated at different ratio 
at total concentration of 0.5 mg mL-1 (Figure 7.20). Again the results supported 
that the second peak was existed at all mixing ratios.  
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Figure 7.19: Apparent sedimentation coefficient distribution profile using least 
squares g*(s) methods for the mixture of mucin with PGX at different loading 
concentrations and ionic strength 0.1M; (a) Interference and (b) Absorbance.  
 
 
Figure 7.20: Apparent sedimentation coefficient distribution profile using least 
squares g*(s) methods for the mixture of mucin with PGX at loading 
concentration 0.5 mg mL-1 and different ratios (1:1 to 5:1).  
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7.5 DISCUSSION  
 
Three different preparations of mucin samples isolated from pig gastric mucus 
in aqueous solution were examined in terms of their hydrodynamic properties 
(e. g. molecular weight and conformation) using analytical ultracentrifugation 
(AUC) based on sedimentation velocity and equilibrium together with size 
exclusion chromatography coupled to multi angle laser light scattering (SEC-
MALS). Analysis of molecular weight and intrinsic viscosity results provided 
evidence of bimodal behaviour for mucin samples, which was supported by 
sedimentation coefficient data in particular for the mucin Oct 13: we suggested 
that this may represent the smaller breakdown products. The heterogeneity 
observed here could be explained in terms of proteolysis of some of the 
proteins cores, although a protease inhibitor was used in the purification stage 
(Fogg et al., 1996; Jumel et al., 1996).  
Molecular weight is an important parameter for the characterisation of mucin 
glycoproteins. Because of their polydispersity, the value is described as weight 
average molecular weight, and number of techniques can achieve that. SEC-
MALS a technique which has been successfully applied to mucin glycoproteins 
since Jumel et al., (1997), and the values of molecular weights yielded for all 
mucin samples in the range of 2-7 x 106 (g mol-1). Results were confirmed 
using modern AUC ± sedimentation equilibrium another totally independent 
method, which determined the weight average molecular weight for the whole 
distribution ± and consistent with those obtained previously (Sheehan and 
Carlstedt, 1989; Jumel et al., 1996; Fogg et al., 1996). A complementary 
method was used as a third approach to estimate molecular weight distributions 
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based on sedimentation coefficient ± Extended Fujita recently applied for 
mucins (Gillis et al., 2013) ± results were again in good agreement with those 
obtained from sedimentation equilibrium and SEC-MALS.  
However, the conformation and flexibility of the heterogonous system in 
solution plays an important role in the structure-function relationship and 
interactions with other macromolecules (Tombs and Harding, 1998). Although 
a change in the conformation of mucin was observed using the MHKS plot, the 
results still suggested a linear random coil conformation, and again consistent 
with those previously proposed (Harding et al., 1983; Sheehan and Carlstedt, 
1984; Sheehan and Carlstedt, 1989; Jumel et al., 1997). Since it has been 
observed that, different methods biased to their own results (see e.g. 
Bohdanecky and Petrus, 1991; Patel et al., 2008; Picout et al., 2002). Utilizing 
different approaches would be more appropriate to determine conformational 
flexibility of mucin in terms of persistence length, Lp (e. g. Bushin-Bohdanecky 
and HYDFIT). The persistence length Lp and mass per unit length ML values 
yielded utilizing Mulit-HYDFIT appears to be more accurate as it takes into 
account data sets of both intrinsic viscosities for different molecular weights 
and sedimentation coefficients for different molecular weights. The Bushin±
Bohdanecky analysis however, utilized only the intrinsic viscosity values and 
also depends on requirement of knowledge of the mass per unit length, ML. 
Therefore, values of persistence length suggested that, mucins adapted a semi-
flexible coil type, and in excellent agreement with a glycoconjugate vaccine 
(Harding et al., 2012b).  
The characterisation of the mucin provided a strong platform to examine the 
behaviour of mucin mixed with other biopolymers in dilute solution. Peppas 
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and Buri (1985) had claimed that polyanionic and natural polymers ± with 
hydroxyl or carboxyl groups ± are preferable candidates for bioadhesion, due to 
a mechanism of swelling of the polymer through hydrogen bond interactions 
with water due to the unionised state of the carboxyl groups at low pH. In this 
regard, mucin (Nov 13) was mixed with PGX and its individual components 
separately (KGM, xanthan and alginate) at a concentration of 0.5 mg mL-1 and 
ionic strength 0.1M. Under these conditions, no significant interaction was 
observed between mucin and the individual components (KGM, xanthan and 
alginate). At the neutral pH however, the polyanionic polymers were unable to 
form hydrogen bonds in their fully ionised state in this study. Also, it is known 
from macroscopic (Lehr et al., 1992) and molecular studies (Anderson, 1991; 
Fiebrig et al., 1997) mixtures of polyanionic (e.g. xanthan, alginate) with 
mucin showed no interaction. That can be interpreted in terms of electrostatic 
repulsion, since the negative charge is employed for both mucin and 
polyanioins.  
On the other hand, the interaction between polycationic polymers (e.g. 
chitosan) and mucin has been observed using analytical ultracentrifugation, 
electron microscopy and atomic force microscopy, which may explained by 
ionic interaction due to the opposite charges (Deacon et al., 1999; Deacon et 
al., 2000). Furthermore, under the same conditions the mixture of mucin with 
PGX presented a favourable phenomenon; showing components of PGX 
interacted at high ionic strength in the presences of mucin. The behaviour seen 
here for the PGX is different from that in the absence of mucin, which shows 
components of PGX interacted at low ionic strength and the interaction 
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disappeared at high ionic strength (Abdelhameed et al., 2010; Harding et al., 
2011a; Harding et al., 2012a).  
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CHAPTER 8 
CONCLUDING REMARKS AND SUGGESTIONS 
FOR FUTURE WORK 
 
A comprehensive study has been carried in this thesis on selected marine 
polysaccharides used for therapeutic purposes ± carrageenans and chitosans ± 
in terms of the molecular integrity, size distribution, conformation and their 
interactions with other biopolymers. This study also showed how useful the 
biophysical techniques in particular analytical ultracentrifugation (AUC), size 
exclusion chromatography coupled to multi angle light scattering (SEC-
MALS) and viscometry are for the investigation of the structure and 
interactions of these marine polysaccharides especially when these methods are 
combined together.  
 
8.1 CONCLUDING REMARKS 
 
In Chapter 1 of this study the potential of marine polysaccharides has been 
considered in terms of their properties and impact in human healthcare. It was 
also explained that polysaccharides obtained from different sources of marine 
organisms such as seaweeds (e.g. carrageenan and alginate) and shellfish (e.g. 
chitosan) present a huge variety of structures which possess interesting 
nutraceutical and pharmaceutical behaviour protecting from different diseases 
(Jiao et al., 2011; Senni et al., 2011), and these are reviewed. 
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Then in Chapter 2 we considered the principle and the theory of the 
methodology employed for characterization the hydrodynamic properties of 
marine polysaccharides including molecular weight, sedimentation coefficient, 
intrinsic viscosity, conformational flexibility and interactions with other 
biopolymers. Analytical ultracentrifugation (AUC) was the main technique 
used in this PhD study, due to its inherent fractionation ability without the need 
for columns or membranes (Harding, 2005). Also SEC-MALS and viscometry 
methods were used as a complementary approach to AUC to establish these 
biophysical properties in solutions. Methods for shape and flexibility 
determination for linear polymers in solution were described, such as Wales-
van Holde ratio, Mark-Houwink-Kuhn-Sakurada (MHKS), and Multi-
HYDFIT.  
 
In Chapter 3 two samples of lambda carrageenan (GM-O and TF-Owith 
different molecular weight were irradiated for varying times using microwave 
heating in a high pressure vessel to estimate their hydrodynamic parameters (e. 
g. molecular weight, sedimentation coefficient, and intrinsic viscosity) and 
conformational behaviour in aqueous solution.  The results obtained from the 
analytical ultracentrifugation (AUC), viscometry and SEC-MALS have 
demonstrated that both lambda carrageenan and their preparations (heated for 
different periods of time) exhibited a homogenous molecular weight 
distribution with unimodal system confirming the purity of dissolved samples. 
Further, the 15 s microwave heated samples yielded a slightly higher in 
sedimentation coefficient value, molecular weight value and intrinsic viscosity 
Chapter 8 CONCLUDING REMARKS AND SUGGESTIONS FOR FUTURE WORK 
 
258 
 
value than that of unheated samples. This may reflect the final dispersion of 
higher molecular weight material and exhibited good dispersibility without 
degradation. Heating for an additional 15 second yielded a clear chain 
separation with a clear reduction in values of sedimentation coefficient, 
molecular weight and intrinsic viscosity. The Wales-van Holde ratio indicated 
a more flexible structure (R = 0.4 ± 1.0), possibly extended than a random coil, 
for both lambda carrageenan and their preparations and this was reinforced by 
Mark-Houwink-Kuhn-Sakurada (MHKS) and conformation zoning. In more 
detailed both Bushin-Bohdanecky and Yamakawa-Fujii methods were used to 
identify the conformational flexibility in terms of persistence length (Lp) and 
mass per unit length (ML). The results obtained confirm that both lambda 
carrageenans adapt a semi-flexible structure. Furthermore, global analysis 
Multi-HYDFIT a more reliable way of estimating Lp and ML was used in which 
consisted with previous proposal of semi-flexible structure by Wales-van 
Holde ratio and MHKS.        
 
In Chapter 4, we now extend our study on lambda carrageenan in relation to 
other major carrageenans, kappa and iota. The conformational and oligomeric 
states of three classes of carrageenans (kappa, iota and lambda) were studied in 
the presence of different solvents (e. g. 0.1 M NaI, 0.1 M PBS, 0.1 M NaCL 
and DMSO).  Initially thermal transition has been studied for the three classes 
of carrageenans using micro-DSC. Results suggested that kappa and iota 
carrageenan were the only one that showed thermal transition at all solvents, 
which confirmed the helix ordered conformation. This ordered conformation is 
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characterised by a broadening of the transition and a symmetrical melting-
curve as reported previously (Rochas and Rinaudo, 1984). For further 
investigation the hydrodynamic methods - in particular analytical 
ultracentrifugation (AUC) - were used. The sedimentation coefficient, 
molecular weight and intrinsic viscosity were measured to provide evidence of 
single or double helix formation for carrageenans. It can be clearly seen 
amongst (coil and helix) conformations that there were no signs for double 
helix formation based on sedimentation coefficient results for iota and lambda 
carrageenan. Also the molecular weight data obtained showed no significant 
increase in helix formation compared to coil. Moreover, kappa carrageenan in 
helix formation showed approximately a doubling of intrinsic viscosity, but 
lambda and iota did not. This observation was supported by higher molecular 
weight and sedimentation coefficient values observed in 0.1 M NaI compared 
to 0.1 M NaCL or DMSO. Thus, these observations provided further evidence 
of the existence of a dimer (double helix) conformation under those 
experimental conditions for kappa carrageenan, but not for iota and lambda 
carrageenan.  
 
In Chapter 5 chitosan a soluble polycationic derivative of insoluble chitin was 
considered. A combined hydrodynamic approach namely sedimentation 
equilibrium, sedimentation velocity, SEC-MALS and viscometry was used for 
assessing the molecular weight and molecular weight distribution of 
FRPPHUFLDO ³&´ DQG LQ-KRXVH ODERUDWRU\ ³/´ SUHSDUHG FKLWRVDQ VDPSOHV
with different molecular weight and degrees of acetylation. All the methods 
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provided comparable data with regard molecular weights and these different 
methods were all in agreement for the six samples studied. Further, the g*(s) 
profile showed polydisperse distribution in all cases for the apparent 
sedimentation coefficient distributions and suggested that the samples are 
unimodal. The conformation analysis using the traditional methods of the 
combination the sedimentation coefficient and intrinsic viscosity values with 
molecular weight values, Mark±Houwink±Kuhn±Sakurada (MHKS), suggested 
a semi-flexible coil conformation for the chitosan samples. The results are 
consistent with the Wales±van Holde ratio and conformation zoning. Different 
approaches (e.g. Bushin-Bohdanecky , Yamakawa-Fujii and Multi-HYDFIT) 
have been applied to estimate the conformational flexibility of chitosan 
samples in terms of the persistence length Lp based on intrinsic viscosity[K], 
sedimentation coefficient (so20,w) and molecular weight (Mw). The results 
obtained proposed a semi-flexible coil conformation in solution (Lp ?7 to 16 
nm).    
We also demonstrated how the principle of co-sedimentation which has been 
successfully applied previously to the study of chitosan-mucin glycoprotein 
interactions - can now be used to study interactions with polyanions such as 
xanthan and DNA. With the latter this may prove useful for the assay of 
potential chitosan based materials for the condensation of DNA in gene 
therapies, particularly if used in conjunction with imaging probes as 
successfully combined before for the analysis of chitosan mucoadhesive 
phenomena (Deacon et al., 2000). For this a whole range of appropriate 
conditions need to be explored ± this study has only considered a small subset.  
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In Chapter 6 the physical properties of the individual polysaccharides (namely 
lambda carrageenan, konjac glucomannan and xanthan) were studied to 
establish their molecular integrity. This was followed by investigating the 
interaction in the binary mixture of konjac glucomannan and xanthan. From the 
analytical ultracentrifuge data ± in particular sedimentation velocity ± a clear 
interaction was observed between binary mixture of konjac and xanthan. The 
observations were confirmed by fundamental dilute solution viscosity studies, 
and are also consistent with previous studies (Foster and Morris, 1994; Dhami, 
1996; Harding et al., 2011a). The interaction appeared to be ionic strength 
sensitive, showing it is electrostatic in nature. However, studies of the 
sedimentation behaviour of solutions of ternary mixtures containing variable 
amounts of lambda carrageenan amount ranging from 30% to 5% (C30 to C05) 
did not provide any evidence for the interaction occurred between the ternary 
mixtures at both ionic strengths (0.1 M and 0.001 M). In addition, fundamental 
dilute solution viscosity studies were performed; showing no improvement in 
intrinsic viscosity values for ternary mixtures compared with predicted values 
of non-interacting mixture. These results indicated that lambda carrageenan 
had not interacted with the binary mixture (konjac glucomannan and xanthan) 
at both ionic strengths scrutinised (0.1M and 0.001M). Furthermore, the 
behaviour seen here for lambda carrageenan is different from that observed for 
the ternary mixture - in the presence of alginate - using analytical 
ultracentrifugation, which confirmed a ternary interaction particularly when the 
alginate content of the mixture was greater than about 5% (Abdulhameed et al., 
2010; Harding et al., 2011a; Harding et al., 2012). Lambda carrageenan offered 
no significant improvement to the use of alginate in these ternary mixtures. 
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Finally the hydrodynamic properties (e.g. molecular weight and conformation) 
for the three different preparations of mucin isolated from pig gastric in 
aqueous solution were probed using analytical ultracentrifugation and SEC-
MALS (Chapter 7). It was found that the weight average molecular weights 
obtained from sedimentation equilibrium were in a perfect agreement with 
those yielded from SEC-MALS and the complementary Extended Fujita 
method of Harding et al. (Harding et al., 2011b). These results clearly 
demonstrated the value of combined approaches for the molecular weight 
distribution analysis of polydisperse materials (Jumel et al., 1996; Fogg et al., 
1996). Combination of molecular weight with viscosity data has also been used 
to estimate the conformational flexibility of mucin samples - these 
demonstrated a linear random coil conformation, consistent with previous 
measurements but using refined procedures. Further conformation analysis ± 
using the Multi-HYDFIT method ± suggested that some variation in flexibility 
for different mucin preparations from pig gastric mucus. That was then 
followed by a study of the interaction in the mixtures of mucin (Nov13) with 
PGX and its individual components separately (KGM, xanthan and alginate). 
From the sedimentation velocity profiles, it is evident that there was no 
interaction observed for the mixture of mucin with individual components of 
PGX. Mixture of mucin with PGX therefore showed no interaction occurred, 
whereas interaction occurred among PGX components at high ionic strength 
(0.1 M). The results clearly indicated that the presence of mucin suppress the 
electrostatic repulsion effects on the PGX mixture (Abdulhameed et al., 2010; 
Harding et al., 2011a; Harding et al., 2012). 
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8.2 SUGGESTION FOR FUTURE WORK 
 
There are several interesting follow up areas for this research. For example, the 
stability and conformation properties of lambda carrageenans application it 
would be interesting to use different and more controllable irradiation methods 
such as the new microwave synthesis approach (Kappe and Dallinger, 2006). 
Although lambda carrageenan appears to offer no alternative to the use of 
alginate in PGX, both kappa and iota carrageenans could still be explored. 
These could be investigated using the hydrodynamic methods that have been 
applied in this thesis. The utility of hydrodynamic methods ± including co-
sedimentation ± to explore DNA interactions with polysaccharides for use in 
DNA condensation has been clearly demonstrated, but a much wider range of 
potential condenser polymers could be explored with this methodology. It 
would also be interesting to investigate these observations using atomic force 
microscopy (AFM) and isothemal titration calorimetry (ITC). Further, the 
stability of the interaction products have been observed can be examined at 
different conditions for instance temperature, time and pH using the 
biophysical methods applied in this thesis. The field of polysaccharide-ligand 
interactions to be explored by AUC and hydrodynamics methods is ever 
growing. Exploring the interactions between polysaccharide/glycoconjugate 
vaccines and proteins/membrane proteins looks like a particularly fruitful area 
of research.  
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